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Abstract 
Sulfur Dioxide (SO2) is the most recently discovered gasotransmitter. As a result there is a 
significant gap in the literature compared to the other established gasotransmitters which have had 
several decades of research. Initially, SO2 was thought to be a toxic air pollutant and byproduct 
from the metabolism of sulphur containing amino acids. It is thus important to understand its 
mechanism of action and molecular targets of SO2. The pathways for metabolism of sulfur 
containing gasotransmitters (hydrogen sulfide and sulfur dioxide) in lower organisms was 
previously unknown. My thesis goal is to gain a better understanding of the function and 
metabolism of SO2. To better elucidate this function I have used the eukaryotic model organisms; 
Saccharomyces cerevisiae (S. cerevisiae) and Caenorhabditis elegans (C. elegans).  
 
Two high-throughput methods were developed as part of this research to improve detail and 
accuracy of analysis in C. elegans. The first method developed was WormScan, which allowed for 
automatic whole organism phenotyping. The second method developed was pHi nanoparticles, to 
enable the characterization of intracellular pH (pHi). These two C. elegans methods were published 
in PLOS ONE, 2012 and Analytical Biochemistry, 2014.  
 
WormScan is based on an affordable consumer grade flatbed scanner that facilitates the 
quantification of the four main toxicological endpoints of C. elegans and greatly reduces the user 
bias associated with manual counting. The light intensity produced by the scanner was sufficient to 
cause negative phototaxis equivalent to a physical stimulus for mortality determination. The 
affordability and high-throughput nature of WormScan also enable high-throughput whole animal 
drug screening in C. elegans. The pHi nanoparticles were generated through a modified Stöber 
synthesis and easily calibrated externally to the C. elegans. The nanoparticles were taken up during 
feeding, and found to bypass the selective intestinal uptake and translocate to the primary organs 
and secondary organs of the reproductive tract. This was the first diagnostic use of nanoparticles in 
C. elegans.  
 
It was found that the hypoxia-inducible factor-1 (hif-1) transcription factor was required in order for 
C. elegans to survive exposure to SO2. HIF-1 is a regulator of both pHi homeostasis and metabolic 
rate. When C. elegans are exposed to a non-lethal concentration of SO2, it induced a reversible state 
of suspended animation, a condition that is characterized by metabolic suppression. A 
physiologically relevant drop of 0.15 pH units was observed in response to SO2 exposure. Where 
such a decrease in pHi is a characteristic of reduced metabolism. 
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A forward genetic screen was carried out in C. elegans to identify mutations that conferred 
resistance to SO2. A resistance mutation was mapped to a region of Chromosome III using an as yet 
unpublished high-throughput technique (Mip-Map). Together with whole genome sequencing the 
gene F08F8.9 causing resistance was identified. The F08F8.9 gene is homologous to a gene that 
encodes a subunit of RNA polymerase II found in H. sapiens and S. cerevisiae. The involvement of 
the F08F8.9 gene in SO2 resistance was also validated in C. elegans using single nucleotide variants 
of F08F8.9 from the million-mutation project (MMP) library. 
 
Simultaneously, a complementary chemical genomic screen was undertaken in S. cerevisiae using 
the Yeast deletion collection (YDC). This screen identified RPO21, the closest homologue of the C. 
elegans F08F8.9 gene, as a major protein target of SO2. Thus, F08F8.9 was identified as a SO2 
resistance factor in the forward genetic and confirmed in the model organism C. elegans and 
identified in chemical genomic screen in S. cerevisiae. This supports a role for RNA polymerase II 
subunit in SO2 resistance. Further investigation into how the RNA polymerase II subunit 
contributes to SO2 resistance is important. Gasotransmitters have significant biological functions 
and contribute to pathogenesis of human diseases. Additional investigation into SO2 mediated 
suspended animation may be of practical importance if it leads to developments that could help 
trauma victims or heart attack victims survive Ischemia/Reperfusion injury. 
  
 III 
Declaration by author 
This thesis is composed of my original work, and contains no material previously published or 
written by another person except where due reference has been made in the text. I have clearly 
stated the contribution by others to jointly authored works that I have included in my thesis. 
 
I have clearly stated the contribution of others to my thesis as a whole, including statistical 
assistance, survey design, data analysis, significant technical procedures, professional editorial 
advice, and any other original research work used or reported in my thesis. The content of my thesis 
is the result of work I have carried out since the commencement of my research higher degree 
candidature and does not include a substantial part of work that has been submitted to qualify for 
the award of any other degree or diploma in any university or other tertiary institution. I have 
clearly stated which parts of my thesis, if any, have been submitted to qualify for another award. 
 
I acknowledge that an electronic copy of my thesis must be lodged with the University Library and, 
subject to the policy and procedures of The University of Queensland, the thesis be made available 
for research and study in accordance with the Copyright Act 1968 unless a period of embargo has 
been approved by the Dean of the Graduate School.  
 
I acknowledge that copyright of all material contained in my thesis resides with the copyright 
holder(s) of that material. Where appropriate I have obtained copyright permission from the 
copyright holder to reproduce material in this thesis. 
 
  
 IV 
Publications during candidature 
 
Three peer-reviewed papers emerge from my candidature. 
1. Sulfurous Gases As Biological Messengers and Toxins: Comparative Genetics of Their 
Metabolism in Model Organisms [1]  
2. WormScan: A Technique for High-Throughput Phenotypic Analysis of Caenorhabditis 
elegans [2] 
3. Nanoparticle imaging and diagnostic of C. elegans intracellular pH [3] 
  
 V 
Publications included in this thesis 
 
Sulfurous Gases As Biological Messengers and Toxins: Comparative Genetics of Their 
Metabolism in Model Organisms [1]  - incorporated as Chapter 1. 
Contributor Statement of contribution 
Neal D. Mathew (Candidate) Wrote paper (100%) 
Paul R. Ebert Edited paper (98%) 
David I. Schlipalius Edited paper (2%) 
 
WormScan: A Technique for High-Throughput Phenotypic Analysis of Caenorhabditis 
elegans [2] - incorporated as Chapter 2. 
Contributor Statement of contribution 
Neal D. Mathew (Candidate) Wrote paper (100%) 
Designed Experiments (80%) 
Mark D. Mathew Designed Experiments (20%) 
Developed Software Scripts (100%) 
Conceptualized idea for using scanner (100%) 
Paul R. Ebert Edited Paper (100%) 
 
Nanoparticle imaging and diagnostic of C. elegans intracellular pH [3] - incorporated as 
Chapter 3. 
Contributor Statement of contribution 
Neal D. Mathew (Candidate) Wrote paper (100%) 
Designed Experiments (70%) 
Mark D. Mathew Designed Experiments (20%) 
Edited Paper (50%) 
Peter P.T. Surawski Edited Paper (50%) 
Designed Experiments (10%) 
 
 
 VI 
Contributions by others to the thesis  
 
1. Jennifer Han-Ju Chiang (Pharmaceutical Sciences, University of British Columbia, BC, CA) 
did YDC screen.   
2. Calvin Mok (Department of Genome Sciences, University of Washington, Seattle, WA, 
USA) did the Mip-Map.  
 
Statement of parts of the thesis submitted to qualify for the award of another degree 
 
None 
 
 VII 
Acknowledgements 
 
I would like to thank the following 
• Calvin Mok  
• Moerman lab 
• Giaever and Nislow lab  
• Mark Du Toit Mathew 
• Mark Edgley  
• Corey Nislow  
• Don Moerman  
• Paul Ebert  
• Dave and Helena Mathew 
 
  
 VIII 
 
Keywords 
C. elegans, S. cerevisiae, intracellular pH, nanodiagnostic, sulfur dioxide, gasotransmitters, high-
throughput, yeast deletion collection, chemical genomics and forward genetics 
 
Australian and New Zealand Standard Research Classifications (ANZSRC) 
 
ANZSRC code: 060101, Analytical Biochemistry, 40% 
ANZSRC code: 060104, Cell Metabolism, 20% 
ANZSRC code: 060408 Genomics, 40% 
 
Fields of Research (FoR) Classification 
FoR code: 0601 Biochemistry and Cell Biology: 60% 
FoR code: 0604 Genetics, 40% 
 
  
 IX 
Table of Contents 
Abstract	  ..........................................................................................................................................................	  I	  
Publications	  during	  candidature	  .......................................................................................................	  IV	  
Publications	  included	  in	  this	  thesis	  .....................................................................................................	  V	  
Acknowledgements	  ................................................................................................................................	  VII	  
Abbreviations	  ............................................................................................................................................	  XI	  
Chapter	  1:	  Sulfurous	  Gases	  As	  Biological	  Messengers	  and	  Toxins:	  Comparative	  Genetics	  
of	  Their	  Metabolism	  in	  Model	  Organisms	  .........................................................................................	  1	  
Abstract:	  ....................................................................................................................................................	  1	  
Manuscript:	  ..............................................................................................................................................	  3	  Abstract	  .....................................................................................................................................................................	  4	  Introduction	  ............................................................................................................................................................	  5	  Hydrogen	  Sulfide	  ...................................................................................................................................................	  7	  Carbonyl	  Sulfide	  ..................................................................................................................................................	  14	  Sulfur	  Dioxide	  ......................................................................................................................................................	  16	  Cross	  Talk	  between	  Gasotransmitters	  ......................................................................................................	  18	  Storage,	  Release	  and	  Transport	  ...................................................................................................................	  18	  Future	  Directions	  ...............................................................................................................................................	  20	  
Chapter	  2:	  WormScan	  ............................................................................................................................	  22	  
Abstract:	  .................................................................................................................................................	  22	  
Manuscript:	  ...........................................................................................................................................	  24	  Abstract	  ..................................................................................................................................................................	  24	  Introduction	  .........................................................................................................................................................	  25	  Methods	  ..................................................................................................................................................................	  25	  Results	  .....................................................................................................................................................................	  27	  Discussion	  .............................................................................................................................................................	  29	  
Chapter	  3:	  Nanoparticle	  imaging	  and	  diagnostic	  of	  Caenorhabditis	  elegans	  intracellular	  
pH	  .................................................................................................................................................................	  34	  
Abstract:	  .................................................................................................................................................	  34	  
Manuscript:	  ...........................................................................................................................................	  37	  Introduction:	  ........................................................................................................................................................	  38	  Materials	  and	  Methods:	  ...................................................................................................................................	  41	  Results:	  ...................................................................................................................................................................	  43	  Discussion:	  ............................................................................................................................................................	  44	  
Chapter	  4:	  SO2	  Phenotyping	  ................................................................................................................	  49	  
Abstract	  ..................................................................................................................................................	  49	  
Introduction	  .........................................................................................................................................	  49	  
Materials	  and	  Methods	  .....................................................................................................................	  50	  
Results	  ....................................................................................................................................................	  50	  
Discussion:	  ............................................................................................................................................	  56	  
Chapter	  5:	  SO2	  Genotyping	  in	  C.	  elegans	  and	  S.	  cerevisiae	  .........................................................	  57	  
Abstract	  ..................................................................................................................................................	  57	  
Introduction	  .........................................................................................................................................	  58	  
Materials	  and	  Methods	  .....................................................................................................................	  60	  
Results	  ....................................................................................................................................................	  61	  Forward	  genetic	  screen	  C.	  elegans	  ..............................................................................................................	  61	  Mapping	  of	  SO2	  resistance	  ..............................................................................................................................	  63	  
 X 
Sequencing	  of	  sdre-­‐5	  .........................................................................................................................................	  64	  Genetic	  screen	  using	  MMP	  library	  ..............................................................................................................	  65	  SO2	  resistance:	  F08F8.9	  ...................................................................................................................................	  68	  
S.	  cerevisiae:	  Chemical	  genomic	  screen	  ....................................................................................................	  70	  
Discussion:	  ............................................................................................................................................	  75	  
Chapter	  6:	  Conclusion	  ...........................................................................................................................	  76	  
Appendices:	  ..............................................................................................................................................	  79	  
Bibliography	  .............................................................................................................................................	  84	  
 
 
 
 XI 
Abbreviations 
3-mercaptopyruvate sulfurtransferase  3MST 
aminopropyl trimethoxysilane  APTMS 
aspartate aminotransferase AAT 
bisulfite  HSO3- 
Bristol isolate of C. elegans  N2 
Caenorhabditis elegans C. elegans  
Carbon monoxide CO 
carbonyl sulfide  COS 
charge coupled device CCD 
cystathionine-β-synthase  CBS 
Cystathionine-γ-lyase  CSE 
cysteine dioxygenase CDO 
cysteine dioxygenase  CDO 
cytochrome c oxidase  COX 
digital single-lens reflex DSLR 
Drosophila melanogaster  D. melanogaster  
electron transport chain  ETC 
endothelium derived relaxing factor  EDRF 
Ethyl methanesulfonate EMS 
Fluorescein isothiocyanate FITC 
Glutamic oxaloacetic transaminase GOT 
glutathione  GSH 
glutathione disulphide  GSSG 
green fluorescent protein GFP 
haploinsufficiency profiling  HIP 
Homo sapiens  H. sapiens  
homozygous profiling  HOP 
hydrogen sulfide  H2S 
hypoxia-inducible factor-1  hif-1 
Inhibitory concentration 15% IC15  
intracellular pH pHi  
Lethal concentration 50% LC50 
Messenger RNA mRNA 
million-mutation project  MMP 
mitogen-activated protein kinases MAPK 
Molecular inversion probe  MIP 
molecular inversion probe mapping  Mip-Map 
muscarinic acetylcholine receptors  mAChRs 
N-Methyl-D-aspartic acid  NMDA 
nematode growth medium NGM 
Nicotinamide adenine dinucleotide NAD 
nicotinic acetylcholine receptors nAChRs 
Nitric Oxide NO 
parts per million ppm 
Phosphine resistant mutant-33 pre-33  
 XII 
porcine coronary artery  PCA 
pyridoxal-phosphate  PLP 
Rhodanese RHOD 
Ribonucleic acid RNA 
RNA polymerases  RNAPs 
Saccharomyces cerevisiae  S. cerevisiae 
single nucleotide polymorphism  SNP 
single nuclide variants  SNV 
slow-releasing H2S donor  GYY4137 
Small nuclear ribonucleic acid snRNA 
sulfite  SO32- 
sulfite oxidase  SOX 
sulfur dioxide SO2 
survival motor neurone  SMN 
tetraethyl orthosilicate  TEOS 
Tetramethylrhodamine isothiocyanate TRITC 
Yeast deletion collection  YDC 
Yellow Fluorescent Protein  YFP 
α-carbonic anhydrase  α-CAH 
 
 1 
Chapter 1: Sulfurous Gases As Biological Messengers and Toxins: 
Comparative Genetics of Their Metabolism in Model Organisms 
Abstract:  
Initially, gasotransmitters were only thought to be toxic air pollutants. Subsequently, these gasses 
were found to be endogenously produced and were thought to only be toxic byproducts. However, 
these gasses are now known to be gasotransmitters, which are defined as small gas molecules that 
are membrane permeable, endogenously generated, and which have functions at physiologically 
relevant concentrations. NO, CO and H2S all induce vasodilation. In 1998 the Nobel Prize in 
Physiology or Medicine was award to Furchgott, Ignarro and Murad, for their discoveries 
concerning nitric oxide as a signaling molecule in the cardiovascular system. It was found that 
Acetylcholine caused blood vessels to relax by indirectly activating endothelium cells to produce a 
diffusible substance termed endothelium derived relaxing factor (EDRF). It was discovered that the 
diffusible substance produced and released via the endothelium cells was actually the gas NO. 
 
The toxic gas sulfur dioxide has also been shown to be endogenously generated, via the metabolism 
of sulfur containing amino acids [4], but was also once thought only to be a toxic byproduct. In 
2007, sulfur dioxide was also found to induced vasodilation and because of this it was suggested 
that it is also a gasotransmitter. Currently, the mechanism of action and molecular targets of SO2 are 
unknown. Additionally, the pathways for the metabolism of SO2 in lower organisms have not yet 
been described.  
 
In this chapter titled ‘Sulfurous Gases As Biological Messengers and Toxins: Comparative Genetics 
of Their Metabolism in Model Organisms’ (published in Journal of Toxicology, 2011) [1], the 
genes involved in the metabolism of SO2 (and H2S) are identified in C. elegans by using the known 
protein sequences from Homo sapiens to identify homologous proteins. In this chapter it was shown 
that all of the mammalian genes involved in the metabolism of SO2 and H2S are present in C. 
elegans and S. cerevisiae. 
 
The model organism C. elegans is ideal for the genetic investigation of sulfur dioxide, because of 
the rapid generation time, ease of using self-fertilizing hermaphrodites to generate mutant strains 
and its transparency. Additionally, it was shown in 1968 that nematodes exposed to sulfur dioxide 
produced a stress response. In 1974 Sydney Brenner, proposed C. elegans as a new model organism 
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and using a forward genetic screen, was able to improve understanding of Acetylcholine, by 
generating Aldicarb-resistant mutants. C. elegans contains the genes involved in sulfur dioxide 
metabolism, responds to sulfur dioxide exposure, and has well-defined techniques for genetic 
manipulation. Together, these attributes make C. elegans an excellent model organism in which to 
investigate the mechanism of action and molecular targets of SO2. 
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Abstract 
 
Gasotransmitters are biologically produced gaseous signaling molecules. As gases with potent 
biological activities, they are toxic as air pollutants and the sulfurous compounds are used as 
fumigants. Most investigations focus on medical aspects of gasotransmitter biology rather than 
toxicity toward invertebrate pests of agriculture. In fact, the pathways for the metabolism of sulfur 
containing gases in lower organisms have not yet been described. To address this deficit, we use 
protein sequences from Homo sapiens to query GenBank for homologous proteins in 
Caenorhabditis elegans, Drosophila melanogaster and Saccharomyces cerevisiae. In C. elegans we 
find genes for all mammalian pathways for synthesis and catabolism of the three sulfur containing 
gasotransmitters, H2S, SO2 and COS. The genes for H2S synthesis have actually increased in 
number in C. elegans. Interestingly, D. melanogaster and Arthropoda in general, lack a gene for 3-
mercaptopyruvate sulfurtransferase, an enzyme for H2S synthesis under reducing conditions.   
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Introduction 
Despite initially being thought of only as toxic gases, hydrogen sulfide (H2S), nitric oxide (NO) and 
carbon monoxide (CO) are now recognized as important endogenously produced signaling 
molecules known as gasotransmitters. Wang describes gasotransmitters as small gas molecules that 
are membrane permeable, endogenously generated and which have functions at physiologically 
relevant concentrations [5]. The first two gasotransmitters to be discovered were NO [6] and CO 
[7]. H2S was the third identified gasotransmitter [5, 8-11]. Like NO and CO, H2S is also a toxic air 
pollutant [12-14]. Sulfur dioxide (SO2) and carbonyl sulfide (COS) are gaseous toxins that only 
recently have been shown to be endogenously produced and to transmit biological signals [15]. In 
this review, we will discuss the biology of the sulfur containing gasotransmitters and refer to their 
use as toxins. Our primary objective is to relate what is known in mammals to an understanding of 
the action of these compounds on invertebrate pests of agriculture. As such, we have augmented the 
review with comparative bioinformatics of genes involved in the synthesis and catabolism of H2S, 
SO2 and COS. This will facilitate future detailed genetic studies into the mode of action of these 
gasotransmitters/sulphurous fumigants 
 
The strongest evidence that SO2 and COS are gasotransmitters comes from their effect on smooth 
muscle cells. Dilation of vascular smooth muscle is caused by the endothelial release of vasodilator 
substances referred to as endothelium derived relaxing factor (EDRF) [6]. NO is a major mediator 
of EDRF induced vasodilation [16] and H2S has been suggested as a secondary EDRF component 
[17]. However EDRF causes hyperpolarization in smooth muscle cells, but neither NO nor H2S 
cause this effect. It has been suggested that EDRF contains more than one component that causes 
hyperpolarization; designated endothelium derived hyperpolarizing factors (EDHF) [18, 19]. Both 
SO2 and COS are produced by the porcine coronary artery (PCA), and both have short half-lives of 
1-2 seconds, similar to EDHF [15, 20, 21]. Therefore SO2 and COS are potential candidates for 
EDHF [22].  
 
Sulfur occupies a unique position in biology due to its ability to transfer electrons to and from 
substrates. Sulfur is a redox chameleon, with approximately ten different states of oxidation [23]. 
These range from negative two in thiols (RSH) to plus six in sulfate anions (SO42-) and include 
fractional oxidation states such as -0.5, found in the disulphide radical anion (RSSR-) [24]. This 
unique chemistry allows sulfur to participate in an extensive range of redox events [25]. It also 
influences the catalytic and metal binding characteristics of the element [26] as well as the activity 
of the sulfurous gasotransmitters. For example, exposure to sulfur containing gases has a profound 
affect on cellular metabolic and redox systems [27-29]. 
 6 
 
We will discuss each of H2S, SO2 and COS, including their chemical properties, their metabolism 
and their transport. We will also identify the orthologous sulfur metabolism and transport genes in 
the genetically tractable model organism Caenorhabditis elegans (C. elegans) as well as Drosophila 
melanogaster (D. melanogaster) and Saccharomyces cerevisiae (S. cerevisiae). C. elegans 
orthologues of mammalian genes involved in sulfation have recently been reviewed and will not be 
discussed here [30].  
 
We propose that fumigants are effective poisons specifically because they are able to disrupt 
endogenous gaseous signaling. This hypothesis has a close corollary - that fumigants or their close 
derivatives may have medically useful effects as modifiers of gasotransmitters at sub-lethal doses. 
This review will facilitate future genetic investigation of these hypothesizes. 
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Hydrogen Sulfide 
 
H2S is a colorless, odorous, flammable and water-soluble gas [31]. It is also highly toxic as 
evidenced by its use in the first world war as a chemical warfare agent [32]. H2S is also a significant 
air pollutant, particularly in sewerage treatment plants, where it can accumulate to dangerous levels 
[14]. The toxicity of these gases was initially presumed to be caused by the reversible inhibition of 
cytochrome c oxidase (COX), the terminal electron acceptor of the electron transport chain (ETC) 
[33].  
 
It is now recognized that H2S has widespread biological roles. Thus, while H2S does inhibit COX at 
high concentrations of approximately 80 ppm similar to cyanide, at low concentrations H2S actually 
stimulates oxygen consumption [34]. H2S is found to efficiently compete with other electron 
donors. When H2S concentration is high in colonocytes, complex I of the ETC operates in reverse 
mode and accepts electrons from quinone in order to reduce NAD to NADH [35]. Inhibition of 
respiration caused by H2S is accompanied by a reversion of the ETC complex II [36].  
 
Exposure to 150 ppm of H2S has been shown to induce a suspended animation like state in mice 
[37]. C. elegans acclimatized in 50 ppm of H2S results in thermotolerance and an increase in 
longevity [38]. Resistance to high temperatures in C. elegans often correlates with increased 
lifespan [39]. The lethal dose, 100% for C. elegans is 150 ppm of H2S. However acclimatized C. 
elegans are able to survive being exposed to 500 ppm [40]. H2S also affects the cardiovascular [41], 
neural [8], digestive, respiratory, endocrine [42] and immune systems at physiological 
concentrations [43] (Table 1). H2S is endogenously produced during the metabolism of sulfur 
containing amino acids, in solution H2S dissociates to HS- and H+ [44]. These biological activities 
have led to H2S being acknowledged as the third gasotransmitter following NO and CO [5, 8-11].   
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Table 1. Effects of H2S.  
Cause Effect 
Vasodilator H2S like NO and CO, causes the opening the 
potassium adenosine triphosphate (KATP) 
channels [41]. 
Apoptosis modulator Via the activation of the mitogen-activated 
protein kinases (MAPK) pathway [45].  
Protection against oxidative stress 
  
Increases GSH synthesis and recovery of 
cysteine transport [28, 46, 47]. Scavenging of 
hydroxyl, oxygen & nitric oxide free radicals 
and reduces the accumulation of lipid 
peroxidation [48-50]. 
Neuromodulator Enhances activity of N-Methyl-D-aspartic acid 
(NMDA) receptor and activates calcium 
channels, which regulates synaptic transmission 
in neurons [8] 
 
Synthesis of H2S 
 
H2S is enzymatically generated via the desulfhydration of cysteine by two pyridoxal-phosphate 
(PLP) dependent enzymes cystathionine-β-synthase (CBS) [51] and Cystathionine-γ-lyase 
(CSE/CTH) [52]. As well as a PLP independent enzyme 3-mercaptopyruvate sulfurtransferase 
(3MST/MPST) [53]. Both CBS and CSE are located in the cytosol [54], whereas 3MST is present 
in the cytosol and the mitochondria [55]. The biosynthetic pathway of H2S is dependent on the 
tissue location. CBS is the primary source in the brain [56] whereas CSE is the primary source of 
H2S in blood vessels [45]. Disruption of CSE results in an elevation of blood pressure [57].  
 
Both CBS and CSE affect not only the levels of H2S, but also the metabolism of sulfur containing 
amino acids and the redox state of the cell via their effect on the availability of glutathione (GSH). 
CBS and CSE are each involved in the homocysteine-dependent transsulfuration pathway. CBS 
catalyzes the first step in the catabolism of homocysteine to cystathionine whereas CSE catalyzes 
the synthesis of cystathionine to cysteine (Figure 1A) [58, 59].  
 
Availability of the sulfur containing amino acid cysteine is a critical factor in the synthesis of 
glutathione (GSH) [60, 61]. Roughly half of the intracellular GSH in the liver is derived from the 
transsulfuration pathway [62]. GSH and glutathione disulphide (GSSG) are the main 
thiol/disulphide couple involved in cellular redox maintenance (2GSH/GSSG) [63, 64]. H2S 
increases γ-Glutamylcysteine, which is a precursor to GSH and causes a recovery of cysteine 
transport [46, 47].  
 
The heme in the CBS enzyme is redox-active and is capable of reversibly regulating the activity of 
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the enzyme according to the redox state. Under reducing conditions cystathionine production is 
decreased by approximately 1.7 fold. [58]. Whereas under oxidizing conditions cystathionine 
production is increased between 1.6-2.1 fold [62]. Additionally, the expression of the CSE gene is 
also induced under oxidizing conditions [65]. The redox responsiveness of these two pathways is 
likely important in order to maintain an appropriate intracellular glutathione pool [62, 66]. 
  
A third enzyme, 3MST, participates in a two-step pathway of H2S synthesis. Firstly, aspartate 
aminotransferase (AAT/ASAT/AspAT/GOT (Glutamic oxaloacetic transaminase)) [67] deaminates 
cysteine in the presence of α-ketoglutarate to generate 3-mercaptopyruvate and glutamate [68]. 
Secondly, 3-mercaptopyruvate is desulfhydrated to pyruvate and H2S by 3MST (Figure 1B). 
However 3MST activity is decreased under oxidative conditions, unlike CBS or CSE [69]. The 
inhibition results from oxidation of a catalytic cysteine in the active site of 3MST to sulfenate [70]. 
This inhibition helps to conserve cysteine in the cell, contributing to the maintenance of cellular 
redox homeostasis. 
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Catabolism of H2S 
 
A paralogue of 3MST called Rhodanese (RHOD) is the principle enzyme involved in the 
detoxification of H2S in the mitochondria [71]. RHOD is also involved in the detoxification of 
cyanide [72]. H2S is rapidly oxidized to thiosulfate (S2O32-) and then converted to sulfite (SO32-) 
and sulfate (SO42-) [73]. Vertebrate 3MST, which has 59% homology to RHOD can also potentially 
detoxify cyanide and H2S [71, 74]. 
 
C. elegans – Genes involved in H2S metabolism and detoxification 
 
Cystathionine-β-synthase(CBS)/cysteine synthase. The S. cerevisiae protein CYS4/YGR155W, 
C. elegans sequences ZC373.1 and F54A3.4, H. sapiens (CBS), and D. melanogaster 
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(CBS/CG4840) form an orthologous cluster of sequences in the phylogenetic tree (Figure 2). Of 
these sequences, all but the C. elegans sequences have been characterized and shown to be CBS. 
There is also a somewhat more divergent yeast sequence (YGR012W) that defines a second 
orthologous cluster containing four C. elegans paralogues but no sequences from the other two 
organisms (Figure 2). YGR012W is a cysteine synthase located on the mitochondrial outer 
membrane [75]. 
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Cystathionine-γ-lyase (CSE). The S. cerevisiae protein CYS3/ YAL012W D. melanogaster 
Eip55E/CG5345, H. sapiens (CSE), C. elegans sequences CTH-2/ZK1127.10 and CTH-1/F22B8.6 
form an orthologous cluster of sequences in the phylogenetic tree (Figure 3). S. cerevisiae protein 
MET17, catalyzes the reaction between O-acetylhomoserine and sulfide, leading to the production 
of homocysteine [76, 77]. S. cerevisiae proteins STR3  and IRC7 are cystathionine β-lyase proteins 
not found in H. sapiens, which are involved in the biosynthesis of methionine [75, 78, 79]. The C. 
elegans sequence CBL-1/C12C8.2 forms a second orthologous cluster with S. cerevisiae protein 
IRC7 (Figure 3).  
 
 
 
3-mercaptopyruvate sulfurtransferase (3MST) and Rhodanese (RHOD). The S. cerevisiae 
protein TUM1/YOR251C, H. sapiens RHOD and 3MST as well as seven C. elegans paralogues 
MPST-1 through MPST-7 form an orthologous cluster of sequences in the phylogenetic tree (Figure 
4). It is interesting to note that despite the gene being present in bacteria, yeast, nematodes and 
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mammals, no orthologous sequences exist in the D. melanogaster genome or in any Arthropoda 
sequences in GenBank.  
  
 
Aspartate aminotransferase (AAT). The phylogenetic tree of aspartate aminotransferase 
sequences splits naturally into two clades. One clade contains the S. cerevisiae AAT1/YKL106W 
and H. sapiens AAT-m proteins, both of which are known to be located in the mitochondria. The 
other clade contains the S. cerevisiae AAT2/YLR027C and H. sapiens AAT-c proteins which are 
cytoplasmic [80]. The D. melanogaster protein GOT-2/CG4233 and C. elegans GOT-2.1/C44E4.3 
and GOT-2.2/C14F11.1 proteins fall in with the mitochondrial orthologues (Figure 5), which 
suggests that these proteins are mitochondrial as well. The D. melanogaster protein GOT-
1/CG8430 and C. elegans GOT-1.1/T01C8.4, GOT-1.2/T01C8.5 and GOT-1.3/C14E2.2 proteins 
fall into the cytoplasmic clade (Figure 5), which suggests that these proteins are cytosolic.  
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Carbonyl Sulfide 
 
Carbonyl sulfide was first described in 1841 [81]. It is an air pollutant that also has been used as a 
fumigant [82, 83]. COS is also naturally present in the atmosphere, in water, soil and plants [84]. 
COS is biologically generated in bacteria via the enzyme thiocyanate hydrolase, but this enzyme is 
not present in eukaryotes [85]. Interestingly, COS is detectable in both porcine coronary artery 
(PCA) and cardiac muscle and is able to induce arterial dilation [22]. As of the writing of this 
review the eukaryotic pathway of COS biosynthesis is not known. It has been shown, however that 
stimulation of PCA with acetycholine causes an increase in synthesis of COS within the coronary 
artery. This suggests that muscarinic acetylcholine receptors (mAChRs) and not nicotinic 
acetylcholine receptors (nAChRs) are involved in regulating COS synthesis [22], because mAChRs 
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but not nAChRs are found in the coronary artery [86]. 
 
COS is converted via α-carbonic anhydrase (α-CAH) to H2S and CO2. In eukaryotes α-CAH is 
primarily responsible for pH regulation [87]. The enzyme is widely distributed in mammalian blood 
and tissue [88]. The toxicity of COS is mediated by H2S as inhibition of α-CAH activity decreased 
the toxicity of COS [89].  It is interesting to note that α-CAH activity can be inhibited via H2S [90]. 
After exposure to COS, the redox balance of the cell is disrupted and genes that respond to 
oxidative stress such as glutathione reductase and superoxide dismutase are up-regulated [27]. The 
gene expression effect of exposure to COS is similar to that of phosphine exposure [91]. 
 
C. elegans – Genes involved in COS metabolism and detoxification 
The genes responsible for the synthesis of COS has not yet been identified, but it is known that α-
carbonic anhydrase (α-CAH) is responsible for the conversion of COS to carbon dioxide and 
hydrogen sulfide. The C. elegans α-carbonic anhydrase gene family has been studied previously. It 
has six family members, two of which (CAH-3 and CAH-4) have been demonstrated to encode 
functional α-CAH enzymes (Table 2) [92]. Additionally C. elegans, S. cerevisiae and D. 
melanogaster also contain a β class of CAH which is not found H. sapiens [93, 94].  
 
Table 2. Α-CAH C. elegans genes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sequence   
Name 
Gene  
Name 
Predicted / Confirmed 
Function 
% identity 
(#/#) 
E value 
F54D8.4 CAH-1 Homo sapiens orthologs - 
CAH related protein 10 
(partially confirmed via 
cDNA) 
77/213 
(36%) 
 
1e-41 
 
D1022.8 CAH-2 Homo sapiens orthologs – 
CAH related protein 10 
(confirmed via cDNA) 
106/288 
(37%) 
 
7e-60 
 
K05G3.3 CAH-3 Homo sapiens orthologs - 
CAH7 isoform 1 (confirmed 
via cDNA) 
96/262 
(37%) 
 
2e-46 
 
R01E6.3 CAH-4 Homo sapiens orthologs 
CAH-2 (confirmed via 
cDNA)  functioning CAH 
71/234 
(30%) 
 
1e-30 
 
R173.1 CAH-5 Homo sapiens orthologs - 
CAH7 isoform 1 (confirmed 
via cDNA) 
96/261 
(37%) 
 
3e-49 
 
T28F2.3 CAH-6 Homo sapiens orthologs - 
CAH7 isoform 1 (partially 
confirmed via cDNA)  
76/246 
(31%) 
 
1e-36 
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Sulfur Dioxide 
Like the gases mentioned previously, SO2 is a toxic air pollutant [95, 96]. It also has the distinction 
of being the oldest recorded chemical fumigant, as it was used by ancient Egyptians, Greeks and 
Romans [97]. It was also used as a chemical warfare agent in a conflict between the Athenians and 
the Peloponnesians circa 431 B.C. [98] as well as during the Roman siege of Dura-Europos in 256 
C.E. [99]. Sulfite, a dissociation product of SO2, is used as a preservative in beverages and food 
[100]. 
 
SO2 is likely to be a signaling molecule as it is produced endogenously from the metabolism of 
sulfur containing amino acids [4]. Additionally SO2 has been found to produce biological effects at 
physiological concentrations [22], such as vasodilation in isolated rat aortic rings [101] and a 
decrease in blood pressure of male rats [102, 103]. For these reasons SO2 has been suggested to be a 
gasotransmitter [101]. 
 
SO2 can also dissociate to its derivatives in solution, which may also be biologically active. For 
example, SO2 dissociates into sulfite (SO32-) and bisulfite (HSO3−) in a 3:1 ratio in a neutral solution 
[104]. Furthermore, both SO32- and HSO3− can be oxidized to SO42- via sulfite oxidase (SOX) [105]. 
Vasodilation via SO2, however, has been found to be much greater than dilation induced by SO2 
derivatives [106]. It is therefore unlikely that activity attributed to SO2 is actually due to the action 
of derivative compounds. 
 
Generation of SO2 
 
SO2 is generated via two different pathways, one enzymatically and one non-enzymatic. The 
enzymatic metabolism occurs via catabolism of cysteine [53]. Cysteine catabolism to 
cysteinesulfinate is dependent upon cysteine dioxygenase (CDO) [4, 107]. CDO concentration is 
regulated by the availability of methionine and cysteine or protein [108]. Therefore CDO is one of 
the enzymes that regulates free cysteine levels [109]. The key enzyme in the generation of SO2 is 
AAT, which is constantly being expressed (Figure 1C) [110]. However expression of AAT is 
increased via glucocorticoids [15, 111]. AAT is expressed in cytosol and mitochondria [112]. Non-
enzymatic generation of SO2 occurs at neutrophils as a result of oxidative stress, which causes the 
conversion of H2S to sulfite [113].  
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Toxicity 
 
There is little information available on the mechanism of SO2 toxicity. It potentially involves 
oxidative damage caused by free radicals formed during sulfite oxidation [114].  Exposure to SO2 
has been found to cause lipid peroxidation as well as increase the levels of enzymes that protect 
cells against oxidative damage caused by reactive oxygen species, including superoxide dismutase, 
glutathione peroxidase and catalase [115]. Exposure to SO2 also induces chromosomal aberrations, 
chromatid ex-changes and micronuclei formation, as shown in cultured human blood lymphocytes 
[116, 117]. Sulfite oxidase (SOX) is involved in oxidative detoxification of sulfite [105, 118]. 
Deficiency of SOX has previously been demonstrated to increase SO2, SO32-, and HSO3- toxicity 
[119, 120]. SOX activity has been shown to be significantly different in different mammalian 
tissues [121]. It is expected the oxidative damage caused by exposure to SO2 would be tissue 
specific. However it is found that exposure of SO2 caused nearly equal oxidative damage, 
suggesting that SO2 toxicity is systemic [122].  
 
C. elegans – Genes involved in SO2 metabolism and detoxification 
Phylogenetic analysis was not carried out on the other proteins involved in the synthesis or 
breakdown of SO2 as no gene duplication had occurred, resulting in a simple one-to-one 
correspondence between nematode and human sequences. The human gene for cysteine 
dioxygenase (cdo-1) carries out the initial step in sulfur dioxide synthesis from cysteine. C. elegans 
has a single counterpart which is also called cdo-1 (Table 3). The second step in sulfur dioxide 
synthesis is aspartate amino transferase, which is also used elsewhere in sulfur metabolism and is 
the subject of figure 5. The final step in the synthesis of sulfur dioxide is the non-enzymatic 
decomposition of sulfinyl-pyruvate to sulfur dioxide and pyruvate. The oxidation of sulfur dioxide 
is carried out by SOX-1 in humans, the orthologous C. elegans gene is H13N06.4 (Table 3).   
 
Table 3. Other C. elegans genes involved in SO2.  
 
 
 
 
 
 
 
 
 
 
 
Sequence   
Name 
Gene  
Name 
Predicted / Confirmed 
Function 
% identity 
(#/#) 
E value 
H13N06.4 SUOX-1 Homo sapiens orthologous 
(confirmed via cDNA) 
230/471 
(49%) 
3e-160 
 
F56F10.3 CDO-1 Homo sapiens orthologous 
(confirmed via cDNA) 
87/176 
(49%) 
 
1e-67 
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Cross Talk between Gasotransmitters  
H2S and SO2 have been found to act synergistically with NO to enhance the vasorelaxant effect 
[103, 123]. The vasorelaxant effect of H2S in rat aortic rings can be decreased by removal of the 
endothelium, interruption of NO synthase or blocking of Ca2+ dependent K+ channels [124]. This 
suggests that NO and potentially EDHF contribute to the vasorelaxant effect of H2S. However 
others have not observed synergistic vasorelaxation when H2S and NO treatments are combined, but 
instead see a decrease in vasorelaxation [125]. This is likely due to reaction between H2S and NO to 
generate a nitrosothiol [126]. 
 
Synthesis of H2S is increased when exposed to NO due to the activation of the cyclic guanosine 
monophosphate pathway, which potentially increases the activity CSE [127]. NO also increases the 
expression of CSE which is involved in H2S synthesis [41]. It has also been found that metabolism 
of CO is also enhanced when exposed to H2S [128]. Additionally, NO and H2S can result in an 
increase in cystine uptake [46, 129]. This increase in cystine uptake can then enhance the synthesis 
of H2S [130]. In contrast, H2S has been found to suppress NO synthesis in rats by down regulating 
the aortic L-arginine dependent NO pathway [131]. Exposure to SO2 is found to increase NO 
pathway [132]. Despite the poor understanding of the cross talk between gasotransmitters, it is clear 
that their functions are tightly integrated.  
 
 
Storage, Release and Transport  
After the sulfur containing gases are endogenously produced, they can either be immediately 
released or stored for later release in response to a physiological signal. Unlike the short half-lives 
of COS and SO2, the half-life of H2S in mammalian plasma is about 30 minutes [133]. Sulfur from 
the sulfur containing gases can be stored in two forms, acid-labile sulfur or bound sulfane-sulfur. 
Exogenously H2S is absorbed and stored as bound sulfane-sulfur [134]. Sulfur is released from 
bound sulfane-sulfur by reduced glutathione and cysteine, or at pH higher than 8.4 [134, 135]. 
Acid-labile sulfur is generally found as iron-sulfur enzymes in the mitochondria. Sulfur is released 
from acid-labile sulfur at a pH of < 5.4, with little or no H2S released at pH < 6 [134].  
 
Bound sulfane-sulfur is generally located in the cytoplasm, though there is also evidence of long 
distance transport [134, 136]. One mechanism of transport has been determined in Lucina pectinata 
in which the heme group of hemoglobin I (HbI) binds and transports sulfide [4, 137].  In the C1 Hb 
from Riftia pachyptila, the sulfide is bound to zinc ions [138]. Neither HbI nor C1 Hb are found in 
C. elegans, though other globular proteins exits which could potentially bind to sulfide, providing a 
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mechanism for long distance sulfide transport.  
 
H2S COS and SO2 are able to freely diffuse across the hydrophobic cellular membrane without 
facilitation via membrane channels [139-141]. Furthermore, no evidence of active membrane 
transport of H2S has been found [140]. This situation is analogous that of ammonia transport, which 
is also able to freely diffuse across the cellular membrane. Despite this ability, however, three 
distinct transport systems exist that actively transport ammonia across cell membranes [142]. 
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Future Directions  
The three sulfur containing gases H2S, SO2 and COS act as gasotransmitters in vertebrates. The 
primary bioassay that is used to study the three compounds is vasodilation, though metabolic arrest 
has also been demonstrated in the case of H2S and all three compounds are known to affect the 
redox state of cells. Though the compounds have barely been studied in invertebrates, H2S has been 
shown to mediate lifespan extension and heat tolerance in C. elegans [38] as well as desiccation 
tolerance in D. melanogaster [143]. Exposure of C. elegans to SO2 induces ovoviviparity [144], 
which is a stress response in C. elegans [145]. The toxicity of the chemicals when administered at 
concentrations greater than normal endogenous levels likely reflects their role as potent 
neurological and physiological signaling molecules. The toxicity has been exploited commercially 
through the use of these compounds as fumigants. 
 
Characterization of the roles of these molecules in the model organism, C. elegans, will facilitate 
the genetic analysis of their function and toxicology with benefits to be gained in agriculture and 
medicine. A first step toward genetic analysis is to determine the extent to which the metabolic 
pathways exist in the primary eukaryotic genetic model organisms; S. cerevisiae, C. elegans and D. 
melanogaster. Our analysis reveals that all of the metabolic genes are present in yeast. Studies in 
this organism will be of limited value in understanding how the compounds act in a multicellular 
animal, however. D. melanogaster and indeed all insects, are missing one of the metabolic genes 
altogether, which will limit the studies that can be considered in this species. The model system C. 
elegans contains all of the mammalian genes involved in the metabolism of the sulfur containing 
gases. C. elegans has an additional interesting property. Most genes for synthesis of H2S have been 
duplicated in C. elegans even though single genes exist in the other organisms. This situation likely 
reflects the stereotypic biology of C. elegans in which specific genes act in specific cell types to a 
greater extent than in other organisms. This may provide a research advantage as genetic 
manipulations may allow gasotransmitter signaling to be disrupted more specifically than in other 
organisms.   
 
C. elegans is ideal for the genetic investigation of gasotransmitter action and toxicity as the 
nematodes are cultured on agar medium which facilitates simultaneous exposure to dissolved 
chemicals and gases. C. elegans reproduces rapidly as a self-fertilizing hermaphrodite which 
facilitates the creation of mutant strains. There are also well-defined techniques for transformation 
and genetic manipulation of gene expression. Furthermore, the stereotypic development of C. 
elegans means the origin of each cell in the adult is known and the physiological role of each cell is 
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reproducible. Because the organisms are transparent, the physiology of individual cells in the living 
organism also can often be studies microscopically using fluorescent probes. 
 
Genetic analysis can be carried out in the "forward" direction, which refers to the traditional 
approach of mutagenesis of all genes in the genome followed by a screen for mutant individuals that 
exhibit a specific effect (e.g. resistance to H2S). Analysis then reveals the gene that was mutated 
and how the phenotype is mediated. Genetic analysis can also be carried out in the reverse direction, 
which refers to the molecular genetic approach of disrupting a characterized gene that ought to 
affect a process and then analyzing the result. An example would be to individually suppress each 
CSE gene in C. elegans to see which of them result in phenotypes related to H2S synthesis. Genetic 
analysis can also be combinatorial, an approach that is greatly facilitated in genetic model 
organisms, which usually have large collections of characterized mutant strains that are distributed 
to researchers on request. An example of a combinatorial approach would be to determine the effect 
of H2S depletion on lifespan in strains carrying known longevity mutations. This would indicate 
whether the effect of H2S on lifespan is related to any previously described lifespan enhancing 
mutations.  
 
Major issues remain to be investigated regarding the roles of sulfur containing gases in biology, 
particularly in invertebrates. These include the possibility of unique roles of the gases within 
specific subcellular compartments, in specific tissues or at specific times during development. 
Genetic analysis can be used to identify interactions between gaseous signals and other signaling 
pathways as well as the influence of redox state on the activity of the gases. Understanding the 
mechanisms of action can also be used to identify novel fumigants or fumigation synergists of 
commercial importance. Model organism genetics can also be used for the identification and genetic 
manipulation of physiological parameters of medical significance that are controlled by the sulfur 
containing gases. Such physiological states include thermotolerance, desiccation tolerance, 
reversible metabolic arrest and hypoxic preconditioning. All of these research targets can be 
addressed effectively and meaningfully in genetic model organisms such as C. elegans. 
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Chapter 2: WormScan 
Abstract:  
 
There are four whole organism phenotypes commonly employed for C. elegans; movement, 
mortality, fecundity and size, with mortality being the most common endpoint. Mortality has 
traditionally been determined by the inability of an individual to respond to a mechanical stimulus. 
Manual screening of C. elegans mortality is extremely tedious, as researchers use a worm pick to 
poke the agar medium adjacent to the worm, the tail, the body and finally the head region. Only if 
there is no behavioral response to the physical stimulus is an individual C. elegans considered dead. 
As a result of the tedious and subjective nature of manual phenotype testing there is a high degree 
of variability between experimenters. Furthermore, no permanent record of the primary 
experimental results is retained.  
In this chapter I describe ‘WormScan’, an automated, high-throughput screening method based on 
an inexpensive, flatbed scanner (Epson V700). WormScan relies on digital comparison of two 
sequential scans of a plate of worms to determine how many individuals are present and whether 
they have moved. This can be used to determine the four main toxicological endpoints, movement, 
mortality, fecundity and size.  Furthermore, it eliminates user bias, creates a permanent record of 
the experiment and greatly increases throughput. Current high-throughput techniques have been 
developed to facilitate C. elegans screening, but these methods require very expensive and 
specialized equipment. In contrast, the flatbed scanner that forms the basis of WormScan currently 
costs AUD $700. WormScan is a high-throughput method for determination of four phonotypic 
toxicological end points on standard solid media as well as mortality and brood size estimation in 
liquid media.  
One unresolved issue in the original publication was whether light stimulus provided by the light 
from the flatbed scanner is indeed sufficient to induce a negative phototaxis. Previously, it was 
thought that only exposure to intense blue violet light could induce a behavioral response in C. 
elegans. Since publication, I have tested the lite-1 null mutant, which is unable to detect light. This 
mutant was found to be unresponsive to the light of the scanner. As a result, lite-1 null mutants did 
not display a classic habituation curve (See Appendix 1). One of the most important findings in this 
chapter is that the stimulus provided by the light from the flatbed scanner is indeed sufficient to 
induce a behavioral response in worms with a functional LITE-1 protein. This allowed live worms 
to be identified as those that moved between two sequential scans. The photophobic response and 
the aversive response to mechanical stimulation with a worm pick resulted in equivalent 
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quantification of mortality. WormScan is an affordable high-throughput technique for the whole 
organism phenotyping of C. elegans and has been expanded to other small organisms such as 
Tribolium castaneum. 
WormScan was presented at the ‘EMBO Conference Series: C. elegans Neurobiology - Heidelberg, 
Germany, June 14, 2012’ (See Appendix 2), the Canadian Institute for Advanced Research – 
Boston 2014 (See Appendix 3) and published in PLOS ONE March 23, 2012 [2]. Additionally, 
since publication throughput when measuring mortality and fecundity (brood size) has been 
considerably improved by conducting the screen in liquid media. This modification of the original 
WormScan procedure has allowed a 30,000 compound library to be screened for novel 
Anthelmintics, over the course of three months. This was done by observing pixel changes due to 
worm movement between two sequential scans of a 96-well microtiter plate.  Mortality and brood 
size can be determined using this strategy. This strategy of observing pixel differences between 
scans is based on the ‘Worm Microtracker’ technique [146], in which movement is detected as 
individual C. elegans cross through infrared microbeams. Liquid media screening allows 
WormScan to achieve a theoretical screening throughput of >10,000 compounds/hour. WormScan 
was used for all phenotypic analyses in this thesis unless otherwise stated. The simplicity, and low 
cost will ensure that WormScan is widely adopted. At the time of submission of this document, 
WormScan has been cited 13 times. The high-throughput and versatility will open new 
opportunities for whole animal screens for drug identification and mutant characterization.  
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Manuscript: 
 
WormScan: A technique for High-Throughput Phenotypic Analysis of Caenorhabditis elegans  
 
Mark D. Mathew1, Neal D. Mathew1*, and Paul R. Ebert1 
1 School of Biological Sciences, University of Queensland, St. Lucia Campus, Brisbane, QLD 4072, 
Australia*The first two authors contributed equally to this work 
Abstract 
Background: 
There are four main phenotypes that are assessed in whole organism studies of Caenorhabditis 
elegans; mortality, movement, fecundity and size. Procedures have been developed that focus on 
the digital analysis of some, but not all of these phenotypes and may be limited by expense and 
limited throughput. We have developed WormScan, an automated image acquisition system that 
allows quantitative analysis of each of these four phenotypes on standard NGM plates seeded with 
E. coli. This system is very easy to implement and has the capacity to be used in high-throughput 
analysis.  
 
Methodology/Principal Findings: 
Our system employs a readily available consumer grade flatbed scanner. The method uses light 
stimulus from the scanner rather than physical stimulus to induce movement. With two sequential 
scans it is possible to quantify the induced phototactic response. To demonstrate the utility of the 
method, we measured the phenotypic response of C. elegans to phosphine gas exposure. We found 
that stimulation of movement by the light of the scanner was equivalent to physical stimulation for 
the determination of mortality. WormScan also provided a quantitative assessment of health for the 
survivors. Habituation from light stimulation of continuous scans was similar to habituation caused 
by physical stimulus.  
 
Conclusions/Significance: 
There are existing systems for the automated phenotypic data collection of C. elegans. The specific 
advantages of our method over existing systems are high-throughput assessment of a greater range 
of phenotypic endpoints including determination of mortality and quantification of the mobility of 
survivors. Our system is also inexpensive and very easy to implement. Even though we have 
focused on demonstrating the usefulness of WormScan in toxicology, it can be used in a wide range 
of additional C. elegans studies including lifespan determination, development, pathology and 
behavior. Moreover, we have even adapted the method to study other species of similar dimensions.  
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Introduction 
Caenorhabditis elegans is an ideal genetic model organism that has been applied to a wide range of 
studies into toxicology [147], lifespan [148], development, neurobiology [149] and pathology [150]. 
These studies rely on four main whole organism phenotypes; movement [151-156], mortality [147, 
157], fecundity [158-160] and size [161, 162]. While the small size of C. elegans enhances its 
utility as an in vivo model organism it also complicates scoring of phenotypes. The WormScan 
technique overcomes the experimental bottleneck associated with scoring phenotypes of large 
numbers of individuals.  
  
Automated or high-throughput procedures have been developed to analyze movement [155, 163], 
mortality [164], fecundity [165] and size [166]. Death in C. elegans is manually determined by an 
animal's inability to respond to a mechanical stimulus [167], often by touching with a ‘worm pick’. 
This assay is labor intensive and repetitive, making it a prime candidate for automation. 
Additionally, current high-throughput methods require expensive or specialized equipment [163, 
168-172]. 
 
To improve data acquisition in whole organism studies we have developed WormScan as a low-
cost, high-throughput screening method based on a flatbed scanner. This procedure produces 
images of sufficient quality for robust identification of nematodes and allows a large numbers of 
culture plates to be processed in parallel. Scanners have previously enabled automated counting of 
mammalian and bacterial cell colonies, as well as virus plaques [173-176]. Scanning does not allow 
the high-frame rate image capture of camera-based methods. Most C. elegans publications rely on 
very simple behavioral assays, primarily changes in rate of movement [177], which is quantifiable 
by the WormScan method. A factor that makes the scanner particularly useful for analysis of 
behavioral response is that high intensity light stimulates is an aversive stimulus that triggers 
phototaxis [178, 179]. With two sequential scans of a plate of worms it is possible to determine the 
number of nematodes that respond to the light stimulus of the initial scan and even quantify the 
degree to which they move.   
 
 
Methods 
Nematodes 
C. elegans were maintained under standard conditions at 20°C on NGM agar containing E. coli 
(OP50). Age-synchronized nematode cultures were derived from eggs harvested from adult C. 
elegans by exposure to bleach. Eggs were then left to hatch over-night in M9 buffer with aeration. 
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Growth was initiated by feeding [180]. All assays were conducted with either the wild-type, Bristol 
isolate of C. elegans (N2) or the phosphine-resistant mutant, pre-33 [181, 182] that was generated 
in the N2 background. 
 
Exposure to chemicals and phenotypic analysis  
For assay, 9 ml of NGM agar was added to 5.5 cm petri plates to a depth of approximately 0.33cm. 
Synchronized L1 nematodes were added to plates that had previously been seeded with OP50 
bacteria. Phosphine gas was generated and C. elegans were exposed across a linear concentration 
range, at 20°C as previously described [181-183]. After a recovery period of 48 hours, movement in 
response to light stimulus, mortality, and length were quantified for all individuals on each plate of 
nematodes. Fecundity was determined without phosphine exposure as previously described [181]. 
Progeny nematodes were allowed to grow to the young adult stage at which time the nematodes 
were easily distinguished from scanning artifacts. Lifespan was also determined without phosphine 
exposure by transferring a single L4 stage C. elegans to each well of 12 well tissue culture plates 
containing NGM that had been seeded with OP50 and 40µM 5-fluoro-2’-deoxyuridine.  
 
Image capture 
An Epson Perfection V700 Photo Scanner was used for transmission scanning of C. elegans on agar 
plates. Other than the lifespan and fecundity experiments, nematodes to be scanned were cultured at 
a density of 30-150 individuals per 5.5 cm plate. Images were captured in 16-bit gray scale at a 
resolution of 2400 dpi and a rate of 2 frames/180s. Scanned images were attained using Epson Scan 
software version 3.810. The dimensions of an image produced by the scanner were measured, 
which confirmed that the dpi rating matched the physical size of the generated image.  
 
Image analysis  
Image analysis relies on the FIJI implementation of ImageJ (http://rsbweb.nih.gov/ij/ version 1.46a) 
with the following additional plugins; image stabilization 
(http://www.cs.cmu.edu/~kangli/code/Image_Stabilizer.html 
version 18/06/2010) and hysteresis 
(http://imagejdocu.tudor.lu/doku.php?id=plugin:filter:edge_detection:start version 22/3/2011). The 
plugins included in the FIJI package that were used are Advanced Weka Segmentation [184] 
(version 17/11/2011) and AnalyzeSkeleton [185]. All data analysis was performed on a computer 
with 2.8 GHz quad-core Intel Core i7 processor and 16 GB of RAM. A detailed tutorial and scripts 
are provided in the supplemental data. 
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The first step in any of the WormScan procedures is to identify worms within the raw data image 
and to align sequentially scanned images. To begin, the image segmentation software must be 
trained to distinguish worms from the background. This is achieved by manually outlining worms 
on a test image and then running the Advanced Weka Segmentation plugin with the following 
filters selected; Gaussian blur, mean, Lipschitz, difference of Gaussians, variance and structure. The 
following parameters also have to be set: a sigma range of 2 to 16 pixels, membrane patch and 
thickness of 1 and 19 pixels. After training, the segmentation plugin is applied to the raw image file. 
Bona fide nematodes are distinguished from segmentation noise through particle analysis. The 
image stabilizer plugin is used to ensure that sequential scanned images are properly aligned. Once 
this pre-processing is completed, one of the followed procedures is carried out depending on the 
phenotype to be analyzed.  
 
For behavior analysis a difference image is calculated that corresponds to the area of worm 
movement. The difference image is then converted to a binary (black & white) image through 
Hysteresis thresholding. The regions occupied by each worm in the initial image are overlaid with 
the corresponding area of the difference image. The fraction of overlapping pixels within each 
worm region that are white corresponds to the movement of that nematode. A worm is scored as 
dead if movement is less than 10%. To calculate worm length, individual worms have their curved 
morphological skeleton calculated through AnalyzeSkeleton. The length of this skeleton 
corresponds to the length of a straightened worm. 
 
An abbreviated algorithm can be used to count worms as entities on the plate that move between 
sequential scans. This is achieved by aligning sequentially scanned images and generating a 
difference image. The contrast of the resulting difference image is enhanced by hysteresis, after 
which particle analysis is performed. This adaptation of WormScan is applicable to experiments 
that require routine counting of live worms such as fecundity and longevity experiments. 
 
 
Results  
We demonstrate the utility of WormScan by quantifying the toxicological effects of exposure of C. 
elegans to phosphine gas. Additionally, we use our method to determine fecundity and lifespan in 
the absence of phosphine exposure as well as habituation to the light stimulus provided by the 
scanner. WormScan is also adaptable to other organisms of similar dimensions (Figure S1, S2). 
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Sequential scanned images are of sufficient resolution to visualize C. elegans that are greater than 
half a millimeter in length (Figure 1a,b). An adaptive local threshold is used to convert images to 
binary to allow clear segmentation of animals from the background. In these segmented images, C. 
elegans position is resolved through particle analysis (Figure 1c). The delineated positions of C. 
elegans are then evaluated against the calculated difference of the two scans. Where movement is 
quantified as the percent displacement of each nematode. A minimum displacement of 10% 
between scans is used as a threshold for mortality to ensure reproducibility (Figure 1c).  
  
We used the flat bed scanner to compare mortality and behavior in response to phosphine exposure 
(Figure 2a). The mortality results are comparable to published data [182] and correspond closely 
with the observed behavioral inhibition.  
 
Toxicity is sometimes reflected in altered growth parameters, which our algorithm is able to 
determine accurately. This is clearly seen in response to phosphine exposure, which results in 
growth inhibition of up to 50% in the pre-33 mutant strain. It is interesting to note that resistance to 
phosphine induced mortality in pre-33 is not reflected in a corresponding resistance to growth 
inhibition (Figure 2b).  
 
We used the abbreviated WormScan algorithm in order to quantify the differences in fecundity 
between wild-type and the phosphine resistant mutant (Figure 2c). We observed the age of peak egg 
laying to be the same between the two strains within the resolution of the experiment. In contrast 
the cumulative number of eggs produced by N2 was nearly twice that of the mutant strain. The 
abbreviated algorithm was also used to monitor lifespan of wild-type C. elegans. The longevity of 
the N2 strain was found to be equivalent to published data (Figure 2d) [186].  
 
One potential worry regarding the technique is that the scanning procedure itself could influence the 
outcome of the assays. To test this possibility, we subjected worms to continuous scanning. This 
produced a classic habitation pattern to light stimulus similar to that of tap habitation (Figure 3) 
[187] with significant habituation occurring after the first scan. Additionally, Continuous scanning 
over a period of 18 hours, did not induce mortality.  
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Discussion 
WormScan is a readily available, high-throughput image system based on a flatbed scanner. 
Allowing for the quantification of the four main toxicological endpoints of C. elegans. The main 
advantages of this high-throughput automated method are ease of setup and low cost. This protocol 
will help reduce user bias associated with manual counting [188].  
 
The flatbed scanner produces sufficient light intensity to induce negative phototaxis in C. elegans. 
This produced a classic habituation pattern similar to that of physical stimulus [187]. It has also 
been shown that exposure from intense blue violet light can induce mortality in C. elegans [178].  
While the scanner uses broad spectrum white light rather than blue violet, it is of an intensity that 
warrants investigation of its effect on the worms. We found that continuous scanning over 18 hours 
did not cause mortality. Therefore, other than habituation effects, the light of the scanner is unlikely 
to interfere with the accuracy of extended assays that require repeated scanning.  
 
Behavior in higher organisms is very complex and thus difficult to quantify. In contrast, C. elegans 
exhibit a simpler behavioral repertoire that consisting primarily of changes in rate or direction of 
movement [177]. WormScan is restricted to changes in rate of movement, which is suitable for 
automation of assays that rely on the ability to respond to a physical stimulus such as tapping [163] 
or a chemical attractant [152]. Behavior as an indicator of toxicity can be 25 to 100 times more 
sensitive than mortality [189]. In this regard, behavior was shown to be a sensitive assay of 
phosphine toxicity.  
 
Previous methods for quantifying mortality have much lower throughput than WormScan. Our 
method provides a uniform stimulus that induces a robust behavioral response great enough to allow 
accurate determination of mortality with high-throughput. Defining mortality as a threshold of less 
that 10% movement helps to eliminate false positives due to image noise. Using these parameters, 
mortality determination by WormScan is equivalent to that previously reported for phosphine 
exposure [181-183]. Using WormScan for lifespan determination eliminates the need for daily 
physical stimulation, which greatly reduces the potential for contamination. 
 
WormScan has also been used to automate analysis of length and fecundity in C. elegans. Length of 
C. elegans can be determined by digitally straightening [190, 191]. This algorithm has been adopted 
by WormScan to expand the range of phenotypes that can be assessed.  We used this to accurately 
determine the inhibition of growth of C. elegans due to phosphine exposure.  
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The other favorable properties of a scanner over microscopes with CCD cameras is greater optical 
density [188] and superior depth of field [192]. This allows for translucent C. elegans to be resolved 
from the background media. However, the resolution is not sufficient to resolve L1 stage 
nematodes.  
 
C. elegans move at a rate of 0.5 mm/s [193], potentially resulting in significant movement between 
the required 90 seconds for a sequential scan. Current WormScan software can only measure 
movement up to one body length. This is not generally a problem as exposure to toxins and disease 
models often display phenotype of greatly decreased movement. Finer characteristics of nematode 
movement are not possible [194]. Which can be determined through low-throughput video 
microscope methods [155]. WormScan and these low-throughput camera based methods are 
complementary.  
 
Image analysis uses the open source software, ImageJ. This allows improvements to be 
implemented to overcome current limitations. For example, the current implementation of 
WormScan requires non-overlapping nematodes for effective image analysis, which is achieved by 
limiting worm density to less than 150 individuals on a 5.5cm diameter plate. However, worms can 
be digitally untangled, which could allow a higher density of worms per plate to be analyzed in 
future studies [195]. Furthermore, ImageJ was adapted to allow WormScan to observe similar sized 
species. 
 
C. elegans is a model organism that has been applied to a wide range of studies. However, manual 
phenotypic analysis is labor intensive and time consuming. WormScan automates high-throughput 
scoring of the most widely used whole-organism assays performed on C. elegans. This affordable, 
open platform will enable wide adoption with significant potential to reduce data variability 
between labs [155].  
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Figure 1. Processing and analysis of scanned images. (a) A 16-bit grey scale scan of a 5.5 cm 
petri dish containing N2 on NGM with OP50. Exposed to 200 ppm of phosphine for 24 hours with 
48 hours of recovery. Only 4.5 by 4 mm crop is shown of the 5.5 cm. The black bar represents 1 
mm, or 2400 dpi. (b) The sequential scan is taken 90 seconds after first. (c) Image segmentation 
with particle analysis, this distinguishes the nematodes from the background.  Which are outlined 
with red lines, labeled W1-4. (d) Image difference of consecutive scans that has been thresholded 
with hysteresis. Where the worm positions are overlaid. This allows for calculation of both worm 
movement. Mortality is defined as less than less than 10% movement. Worm positions shown in red 
lines and labels commenting on level of movement.  
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Figure 2. Toxicological end points of C. elegans. (a) Movement reduction and induced mortality 
resulting from phosphine exposure. Square boxes indicate mean mortality for a given concentration. 
Error bars denote the standard error of means from three biological replicates. The corresponding 
solid line is a probit regression of mortality, calculated in Mathematica 8.0. Dashed lines with 
diamond boxes represent the mean movement of the replicated experiments, where the error bars 
represent 95% confidence interval. Overall the LC50 of phosphine towards N2 is 337 and pre-33 
was found to be 2180 ppm. (b) Observed length differences between N2 and pre-33 nematode 
strains after 48 hours recovery from phosphine exposure. Exposure was undertaken on L4 stage 
nematodes for 24 hours to phosphine at respective LC50 phosphine concentrations or air control. 
Error bars represent the standard error of mean from 3 biological replicates. (c) Fecundity of N2 and 
pre-33 strains cultured in the absence of phosphine; the cumulative (___) or per day (---). Data was 
generated from three biological replicates of 6 worms each. The cumulative progeny on day six 
with 95% confidence is 202±13.2 for N2 and 125±10.5 for pre-33. (d) Lifespan of N2 cultured in 
the absence of phosphine. Mean lifespan was 17.3 ±0.6 from 3 trials of 48 nematodes per trial. 
Error is reported as the standard error of the means.  
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Figure 3. C. elegans phototaxis habituation. A classic habitation pattern is observed with 
continuous scanning with a 90-second interval for 20 intervals. Temperature on the scanner surfaces 
was monitored and found to be 20°C. The light response was measured in triplicate with 30 
worms/plate. 
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Chapter 3: Nanoparticle imaging and diagnostic of Caenorhabditis 
elegans intracellular pH 
Abstract: 
 
Maintenance of appropriate intracellular pH (pHi) is critical for normal functioning biological 
processes that include energy metabolism, protein function, proliferation, apoptosis, ion transport, 
endocytosis and muscle contraction. When pHi shifts beyond an acceptable range, cell function, 
growth, and division are all disrupted. A 0.1 unit change in pHi is sufficient to disrupt multiple 
biological functions, including ATP production, protein synthesis, cell proliferation, migration, and 
apoptosis [196]. These disruptions are observed in many human disease states, including cancer, 
Alzheimer’s disease, cellular dysfunction, and mitochondrial dysfunction. The ability to achieve 
precise quantification of pHi at scales ranging from individual organelles to collections of cells 
within an organism will greatly improve understanding of biological processes. Such as, does the 
reversible suspended animation observed in C. elegans caused by non-lethal exposure of sulfur 
dioxide, induce metabolic suppression, shown by a decrease in intracellular pH (Expanded in 
Chapter 4). 
 
C. elegans are transparent model organisms that are ideal for fluorescent bioassays. Previously, pHi 
measurements in C. elegans involved a time-consuming technique that relied on the genetically 
modified biosensor pHluorin  (a GFP variant). To use this biosensor, transgenic nematode strains 
containing pHluorin have to be created. Each new transgenic strain pHi measurements are 
calibrated by measuring intestinal fluorescent ratios following excitation at 410 and 470 nm of 
intact nematode intestinal cells, which are then compared with the fluorescent ratios of exposed 
cells. Cells are exposed via slicing the intestinal cells with a large needle. C. elegans are transparent 
model organisms that are ideal for fluorescent bioassays. A less expensive, less technically 
demanding and more rapid technique to qualitatively measure pHi will further the understanding of 
biological processes.   
     
This chapter contains the published manuscript ‘Nanoparticle imaging and diagnostic of 
Caenorhabditis elegans intracellular pH’ that was published in Analytical Biochemistry January, 
2014. It describes a modified Stöber synthesis strategy that successfully produced biologically 
stable, pH sensitive, core-shell fluorescent silica nanoparticles. This work was also presented at the 
2014 Vancouver Nanomedicine Day. These nanoparticles consist of a core that contains the 
reference fluor, TRITC, as well as an outer shell that contains the pH sensor fluor, FITC. 
Incorporation of a fluorescent pH-sensitive dye along with a spectrally distinct reference dye 
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permits quantitative ratiometric analysis of fluorescence change and thereby pH down to the single 
nanoparticle level.  
 
Encapsulation of the fluorophores into the core-shell silica particle greatly enhances their chemical 
stability and provides resistance to photobleaching. For example, the photostability of TRITC is 
enhanced by an order of magnitude when silica-encapsulated. In addition, the brightness of silica-
encapsulated TRITIC is up to 10,000 times greater than that of free fluorophores, which also 
decreases the impact of photobleaching.  
 
Uptake of nanoparticles in C. elegans was achieved by feeding during which the colloids bypassed 
the selective intestinal uptake systems. Over time, the nanoparticles translocated to the cells of the 
primary organs as well as to the secondary organs of the reproductive tract, which has also been 
observed in the literature. The facile translocation of nanoparticles from the gut to cells throughout 
the body makes nanoparticles especially suitable for ultrasensitive and long-term bioanalysis. 
Incorporation of a fluorescent pH-sensitive dye along with a spectrally distinct reference dye 
permits quantitative ratiometric analysis of fluorescence change and thereby pH down to the single 
nanoparticle level. 
 
In the published manuscript wild-type C. elegans pHi was compared against the eat-3 mutant, 
which exhibits fragmented mitochondria, resulting in significant acidification of the cytoplasm of 
intestinal cells compared with wild-type. The intestinal pHi has previously been undertaken via 
transformed strains of C. elegans expressing the pH-sensitive GFP variant pHluorin. The results 
obtained from the novel diagnostic fluorescent nanoparticle method yielded a comparable result to 
those established using pHluorin, with a detectable pH range between 5.5 and 8.0. Additionally, pH 
determination is not limited to the intracellular space of the intestinal cells but can be used to 
determine the pH anywhere the nanoparticles are present (See Appendix 4). The nanoparticle 
technique exhibits the following strengths when compared to pHluorin; non-invasive and non-
destructive, cheap, simple and labor non-intensive with greatly increased throughput. Most 
importantly simple calibration of the nanoparticle can be conducted external to the nematode, which 
allows for rapid changes in pH to be measured and long term intracellular pH characterization 
spanning a living C. elegans life cycle is now possible. 
 
This is first diagnostic use of nanoparticles with C. elegans, which allow for the characterization of 
pHi. The nanoparticle diagnostic strategy can be adapted for the study of other metabolic endpoints 
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by utilizing specific fluorescent molecules that react with oxygen, metals, ROS, other metabolic 
disease states or a combination thereof. 
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Nanoparticle imaging and diagnostic of Caenorhabditis elegans 
intracellular pH 
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 Abstract: 
  
A novel diagnostic tool has been developed for the characterization of intracellular pH (pHi) in the 
model organism Caenorhabditis elegans. This tool exploits the chemical stability of colloidal silica 
and the pH sensitivity of certain fluorescent dyes. Once ingested, the fluorescent colloidal 
dispersion yields a reliable, visual indication of pH without the use of chemical fixatives or 
damaging the nematode. The pH-sensitive silica nanoparticles were visualized by confocal 
microscopy and the fluorescence spectra from the internally-referenced colloidal particulates 
measured. By comparing the fluorescence profile of colloids in wild-type (N2) and mutant (eat-3) 
C. elegans against a calibration series, the intestinal pHi could be established in each population. 
The rapid characterization of pHi using this inexpensive, non-intrusive technique has significant 
implications for disease research where C. elegans is used as a model organism.  
  
  
Keywords: 
  
Caenorhabditis elegans, colloid, core-shell, pHi, intracellular pH, nanodiagnostic 
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Introduction: 
  
Intracellular pH (pHi) is critically important for the normal functioning of biological processes. 
Precise regulation of pHi is achieved via an acid-base homeostatic system involving both intra and 
extracellular buffering systems [197]. These systems allow for essential biological functions such as 
proliferation [198], apoptosis [199], ion transport, endocytosis, muscle contraction [200], energy 
metabolism [201] and ensure the structural stability and functionality of proteins [202]. When 
homeostatic systems fail and the pHi shifts beyond an acceptable range, cell function, growth, and 
division are all disrupted. Such disruptions are observed in many human disease states including 
cancer [196], Alzheimer’s [203], cellular dysfunction [200, 202, 204] and mitochondrial 
dysfunction [205, 206]. Owing to the physiological importance of pHi regulation, the precise 
quantification of pHi at all cellular hierarchical levels is of great importance. Essentially, 
characterizing pHi in individual organelles to collections of cells within an organism, will greatly 
improve the understanding of pathological processes. In order to effectively achieve such 
understanding, a simple model organism with an equally simple biodiagnostic is required. 
  
C. elegans is a transparent, microscopic, model organism that is ideal for exploring, designing and 
trialing in vivo fluorescent bioassays [207]. While the use of fluorescent probes as biodetection 
tools is now commonplace [200],  the application of non-biological, fluorescence-based techniques 
for the quantification of pHi within C. elegans remains unexplored.  Previously the most common 
technique for determining intracellular pH is with a transformed strain of C. elegans expressing the 
pH-sensitive GFP variant pHluorin [208]. 
 
In order to measure intestinal pHi via pHluorin, fluorescent ratios of an intact nematode intestinal 
cell must be compared with the exposed intestinal cell. This has previously been described by 
mechanically dissecting worms using 32-gauge needle, incising the worm from posterior to 
pharyngeal-intestinal valve [208]. The in vivo fluorescence ratio is compared against the freshly 
exposed intestinal cells fluorescent ratio in order to measure intestinal pHi. This approach has been 
previously applied successfully toward the measurement the intestinal pHi of eat-3 and wild-type 
(N2) C. elegans [205]. This technique is highly time consuming, tedious and yields only qualitative 
information without calibration. Consequently, cost effective, simple and quantitative alternatives 
are required.  
 
Low-cost strategies for quantifying biological pH do exist, such as fluorescent organic indicators 
[200]. These organic indicators are not suited to C. elegans as they are surrounded by a thick cuticle 
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layer [209], which is notoriously impenetrable by small molecules [210, 211]. In addition to the 
cuticle, the intestinal cells exhibit selective intestinal uptake [212, 213], which prevents small 
molecules from diffusing into the organism. In order to bypass the cuticle and selective intestinal 
uptake, physical disruption techniques, such as high intensity sonication [214], Balch homogenizer 
[215] and formaldehyde fixation can be applied [216]. While these approaches do allow for various 
measurements. The severe physical cellular disruption induced by such techniques ensures that 
these assays are limited in living animals and often yield inconsistent results [214, 217]. 
Furthermore, unbound fluorescent dyes are typically unstable in biological systems and undergo 
rapid photobleaching or degradation via other biochemical pathways. 
 
To provide an alternative to physical disruption and to address the problem of indicator degradation, 
a fluorescent colloidal silica diagnostic tool has been developed. To produce the diagnostic 
particles, fluorescent dyes have been encapsulated within a sol-gel derived silica following well 
established techniques. Encapsulation greatly enhances the chemical and photostability of 
fluorophores [218]. The silica shell effectively shields the sensitive and often reactive molecules to 
environmental factors that would otherwise degrade or oxidize the dye. Consequently, silica 
encapsulation results in greatly reduced photobleaching by an order of magnitude [219], increased 
long term stability [220] and increased brightness of fluorescence signal from 30-10,000x when 
compared to unbound fluorophores [221, 222]. 
 
The introduction of fluorescent colloidal particles into C. elegans is reasonably simple and well 
characterized. C. elegans are filter feeders [223], with previous research demonstrating that similar 
nanoparticles are efficiently taken up during feeding [207, 213, 224-226]. It has also been 
demonstrated that ingested nanoparticles are able to bypass the selective intestinal uptake and 
translocate to primary organs, such as epithelial cells of the intestine, and also translocate to the 
secondary organs of the reproductive tract [227]. This uptake of nanoparticles allows for long term 
imaging, as particles that are not taken up are found to rapidly pass through the intestine of a 
feeding adult worm in 3-10 min [223]. Additionally, nanoparticles do not appear to induce any 
long-term adverse effects in C. elegans [207, 213, 225]. 
  
Nanoparticulate biodiagnostics is a rapidly developing field with potential for new and more 
sensitive diagnosis of human diseases [228, 229]. In order to demonstrate the diagnostic potential of 
nanoparticles within C. elegans, we have generated core-shell fluorescent silica nanoparticles using 
a modified Stöber synthesis strategy [218, 230]. In short, a fluorophore-silicon alkoxide conjugate 
monomer is hydrolysed, undergoing spontaneous condensation to form monodisperse spherical 
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nanoparticles. This fluorescent core is then subjected to a second round of hydrolysis-condensation 
with a second conjugate, forming a shell. From this synthetic strategy, the calibration ratio of 
internal reference dye to the external pH sensitive dye is established. Diffusion of the dyes from the 
colloids is prevented as the separate dyes are covalently attached to the silica network. This style of 
dye incorporation provides protection from biological degradation and allowing for consistent 
readings. Incorporation of a fluorescent pH-sensitive dye along with a spectrally-distinct reference 
dye permits quantitative ratiometric analysis of fluorescence change and thereby pH down to the 
single nanoparticle level [219, 231]. To test the colloidal diagnostic, the mutant C. elegans eat-3 
and N2 were presented with the pH-sensitive colloids. The eat-3 mutant exhibits fragmented 
mitochondria resulting in significant acidification of intestinal cytoplasm compared to N2 [232]. 
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Materials and Methods: 
  
Preparation and calibration of nanoparticles. Core-shell fluorescent silica colloids were 
produced via a modified Stöber synthesis strategy [218, 230]. To produce the covalently-labeled 
silica core particles, approximately 1 mg of Tetramethylrhodamine isothiocyanate (TRITC) 
(TAMRA-ITC, Sigma), was dispersed in 4 mL AR grade ethanol. To this solution, 0.72 mL of 
aminopropyl trimethoxysilane (APTMS, Sigma) was added and the vessel agitated for two hours at 
room temperature, allowing the conjugation of TRITC and APTMS to proceed to completion. This 
fluorescent silane conjugate was dispersed in 76 mL AR grade ethanol with magnetic agitation. To 
this solution, 2.63 mL of 13.2 M NH4OH solution was added and allowed to disperse. 0.722 mL of 
tetraethyl orthosilicate (TEOS, Sigma) was added and the solution allowed to react overnight under 
magnetic agitation with the exclusion of light. After completion of this reaction, 4 mL of the colloid 
solution was removed and stored for future reference. 
  
To produce a fluorescent silica shell, 1 mg fluorescein isothiocyanate (FITC) (Sigma) was dispersed 
in 4 mL AR grade ethanol. To this solution, 72 µL of APTMS was added and the reaction allowed 
to proceed for 1.5 hrs with the exclusion of light. The resulting FITC-APTMS conjugate solution 
was then added to the core particle suspension and agitated magnetically. To the resulting stock 
solution, 15 µL of TEOS was added every 10 minutes for a total of 100 minutes. The resulting core-
shell suspension was then agitated under dark conditions at room temperature for 24 hrs before 
stored indefinitely at 4 °C. Aliquots of this stock suspension were removed for characterization 
purposes. 
  
The silica nanoparticle stock was purified by membrane dialysis in AR grade ethanol in order to 
remove solvents and unreacted reagents [233]. A 15 ml sample of the solution was placed into a 
regenerated cellulose dialysis bag and dialyzed for 36 hours in 1 L of ethanol. The dialysate was 
kept for further characterization and estimation of fluorophore incorporation. A sample of purified 
nanoparticle suspension was removed for physical characterization. Particle size was determined 
through NanoSight nanoparticle tracking analysis (Particle & Surface Sciences Pty Ltd). The 
ratiometric pH response was calibrated using a Beckman Coulter DTX 880 plate reader (Beckman 
Coulter), as previously described [231]. 
  
Strains and preparation. C. elegans were maintained under standard conditions on nematode 
growth medium (NGM) plates, seeded with OP50 bacteria. All assays were conducted with either 
the wild-type, Bristol isolate of C. elegans (N2) or eat-3 (DA631) which has a phenotype of 
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reduced feeding and sluggish movement [234]. Age-synchronized nematode cultures were derived 
from eggs harvested from adult C. elegans. Exposure to bleach caused release of the eggs, which 
were then left to hatch overnight. Growth was initiated by feeding. 
  
Exposure to nanoparticles and Preparation. The fluorescent colloids were dispersed by 
sonication and pipetted to a standard NGM plate with OP50 bacteria. Specifically a 0.25 mg/ml 
nanoparticle suspension was applied to the bacterial lawn to give a nanoparticle concentration of 10 
µg/cm2. The age synchronized C. elegans at 72 hrs old are transferred to the exposure plate, 
allowing for overnight uptake at 20 °C, on OP50 bacteria as previously described [227], overnight 
exposure is sufficient for uptake of the nanoparticle in both strains. After nanoparticle exposure, 
nematodes were picked onto a recovery plate for 1 hr [207]. Following recovery C. elegans, at 
approximately 88 hrs old were immobilized through 10 µL of 1 mM Levamisole (Sigma). 
 
Confocal Imaging and Analysis. The fluorescence of nanoparticle-exposed C. elegans was 
visualized using an Olympus BX61 upright laser-scanning microscope, observed with a range of 
objective magnifications of 400x. This is to demonstrate where the nanoparticle has been taken up 
and translocated within the nematode. Determination of pH of general regions as well as high-
resolution intracellular and extracellular pH quantification is done with a narrow confocal plane 0.5 
µm. To accurately compare the pHi of nanoparticle exposed mutant and wild-type strains 20 
individual nematode images are collected. Diode lasers (473 nm and 559 nm) were used to 
sequentially acquire FITC and TRITC fluorescence using dichromatic beam splitter filters for 
525nm and 576nm respectively. The filters were selected and captured in sequential tracks in order 
to minimize crosstalk. Background fluorescence is determined from control nematodes which have 
not been exposed to fluorescent nanoparticles. Additionally, automatic gain control was not used in 
order to preserve the relative intensity of different animal’s fluorescence, resulting from different 
pH levels. For the individual nematodes pHi was quantified by image analysis in FIJI (1.47s) [235], 
where by selecting regions of interest that are intestinal intercellular space and through ratiometric 
measurements of the reference and pH sensitive fluorophores, as described [231].  
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Results: 
  
Physical characterization of the nanoparticle from NanoSight found a mean size of a nanoparticle 
275 ± 8.6 nm. A fluorescent plate reader was used to calibrate the pH response of the core-shell 
silica nanoparticles. The emission of the pH-sensitive dye FITC (525 nm) is enhanced or 
diminished depending on pH, with a detectable range between 5.5 and 8.0. This variable 
fluorescence is compared to the constant emission of the reference dye TRITC (575 nm). The 
ratiometric pH response is depicted in (Figure 1).   
  
The nanoparticles were taken up during feeding, which cannot be visualized under bright field 
microscopes (See in Figure 2a).  The reference dye TRITC also acts an indicator of particle location 
and concentration within the C. elegans. Once ingested the nanoparticles were found to bypass the 
selective intestinal uptake (Figure 2b). It is worth noting that the nanoparticles were not found 
within the cuticle layer. Control organisms, that have not been fed any fluorescent nanoparticles, 
exhibited no autofluorescence in the FITC or TRITC as compared to test organisms with the 
appropriate filter sets and laser power and gain settings (See supplementary figure).  
 
The separate TRITC and FITC confocal micrographs were combined into a single composite image, 
allowing the simplistic quantification of the relative intensities of the two fluorophores (Figure 2c). 
Comparison of these ratios with the calibration curve displayed in Figure 1 allowed the 
determination of pHi throughout the C. elegans. A false-color ratiometric image enables pH of 
different regions to be visualized directly from the figure (Figure 2d) [219]. The C. elegans eat-3 
has a mutation that causes fragmentation of the mitochondrial network, which induces cellular 
acidification. Using the diagnostic nanoparticles it was possible to accurately measure a significant 
0.31 pH difference in the intestinal pHi between wild-type (N2) and the eat-3 mutant C. elegans 
(Figure 3), 7.6 and 7.29 (P-value of < 0.01). The results obtained from the simplistic nanoparticle 
method give a comparable result to that found by pHluorin [205]. 
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Discussion: 
 
Previously, in order to measure intracellular pH a time consuming technique based on the 
genetically modified biosensor pHluorin was required [208]. In order for pHluorin to qualitative 
measure intestinal pHi the fluorescent ratios following excitation at 410 and 470 nm of an intact 
nematode intestinal cells are compared with the exposed intestinal cells, which is achieved by 
slicing the intestinal cells. This calibration technique is derived from the K+/nigericin protocol 
[236]. As dysfunction in both pHi and normal mitochondrial activity are observed in many human 
disease states, future studies implementing a robust and cheaper technique will further the 
understanding of these medically significant processes. 
 
Here we have demonstrated a novel, simple, in vivo metabolic assay for the model organism, C. 
elegans.  Differences in intestinal pHi between two strains of C. elegans, wild-type (N2) and the 
mutant eat-3, were visualized and quantified using fluorescent nanoparticles within living and intact 
specimens. The pH readings of this method are not just limited to that of the intracellular space of 
the intestinal cells but could be used to determine the pH anywhere the nanoparticles are present. 
Quantitative pH determination is achieved through ratiometric sensing. The fluorescence emission 
from these nanoparticles was successfully used to determine the pHi of the intestinal cells, in 
agreement with the established technique [205]. This technique provided quantitative, ratiometric 
analysis of pHi and provides a measurement of metabolic processes. Using this technique, future 
studies requiring longer-term experimentation and rapid imaging of live worms for exploring 
metabolic alterations spanning the C. elegans life cycle are now possible.  
 
The core-shell silica nanoparticles are both chemically and mechanically stable in regards to the 
tested biological environment. The synthesis of these core-shell silica nanoparticles is based on the 
well established Stöber synthesis with slight modification to allow the covalent encapsulation of the 
TRITC and FITC fluorophores [218, 230]. As the reference dye (TRITC) and the pH sensor dye 
(FITC) were covalently attached to the silica monomer, the diffusion of fluorophores out of the 
nanoparticle was effectively inhibited. Furthermore, the encapsulation of the two dyes into the core-
shell silica particle effectively isolates them from the local environment, greatly improves stability 
against photobleaching and increases brightness [221]. This increased stability in biological media 
and increased fluorescence efficiency makes these core-shell silica nanoparticles are especially 
suitable for short and long term bioanalysis.  
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It was found that the nanoparticles are actively ingested during feeding. The particles visualized by 
confocal microscopy clearly indicate that the cuticle and selective intestinal uptake is bypassed. 
Once beyond the intestine, the particles diffuse throughout the worm, translocating to the cells of 
the primary and secondary organs. The uptake of these nanoparticles by the cells is likely the result 
of endocytosis. Once the nanoparticles are dispersed within the cells, the internal, pH-insensitive 
reference dye TRITC allows the confident determination of particle location and concentration 
within the C. elegans.  
 
The combination of these non-invasive and non-destructive techniques, coupled with the inherently 
low cost of both manufacture and analysis, provides researchers with an alternative to the 
previously described pHluorin assay. The ease of use and throughput of pHi quantification assays 
has been greatly improved and pHi characterization experiments within living C. elegans are now 
possible. Our strategy of studying pHi in C. elegans through a nanoparticle diagnostic can be 
adapted for the study of other metabolic endpoints by utilizing specific fluorescent nanoparticles to 
reactive oxygen [237], metals [238], other metabolic disease states or a combination of the above 
[239].  
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Figure 1. Ratiometric calibration curve. FITC (pH sensor) emission intensity (525 nm) divided 
by peak reference emission intensity TRITC (575 nm), the core-shell fluorescent silica nanoparticle 
in a sodium phosphate buffer solution. Where the error bars represent the standard error of the 
mean, n = 3.  
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Figure 2. Confocal fluorescence 400x magnification of core-shell fluorescent silica 
nanoparticles in N2 C. elegans.  With a confocal image plane of 0.50 µm. (a) The head region of a 
wild-type C. elegans seen under bright field illumination, nanoparticles not visible. The white bar 
represents 50 µM. (b) The reference dye TRITC (575 nm) indicator of particle location, bypass the 
selective intestinal uptake and cuticle.  (c) Overlay of sequentially acquired reference dye TRITC 
(575 nm) and pH sensor FITC (525 nm). (d) False-color ratiometric of pH, displaying region of 
interest (typically 500 µm2) used for pH measurements.    
 
 
Figure 3. C. elegans quantitative ratiometric analysis of Intracellular pH. Mutations in eat-3 
result in acidification in a broad range of tissues compared to wild-type N2. The pHi values above 
are from the intestine. The error bars represent the standard error of the mean, n = 20 for each 
strain. 
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Supplementary Figure. Autofluorescence compared to core-shell fluorescent silica 
nanoparticles. Wild-type C. elegans are imaged at 100x magnification at the same age (88 hrs) 
under identical conditions (relevant filter and laser settings were used). (a) C. elegans not exposed 
nanoparticles, seen under bright field illumination. (b) C. elegans exposed to nanoparticles, seen 
under bright field illumination. (c) C. elegans not exposed to nanoparticle displays no observable 
fluorescence for FITC at emission intensity (525 nm). (d) C. elegans exposed to nanoparticles 
displays fluorescence for FITC at emission intensity (525 nm).  
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Chapter 4: SO2 Phenotyping 
 
Abstract 
The chemical genetic response of SO2 was determined for model organisms; C. elegans and S. 
cerevisiae. Exposure of S. cerevisiae to SO2 resulted in growth inhibition, whereas only 12% of 
compounds from compound libraries inhibit S. cerevisiae growth. Exposure of SO2 was found to 
induce mortality. This was undertaken to ensure that both model organisms could be used as 
selection for genetic assays, which can improve the understanding of mechanism of action and 
molecular targets of SO2 at physiological concentrations. 
 
The phenotypic response of C. elegans to a sub-lethal concentration of 200 ppm SO2 was induction 
of a reversible state of suspended animation. In order for C. elegans to survive exposure to SO2 the 
transcription factor hypoxia-inducible factor-1 (HIF-1) was found to be essential. HIF-1 is an 
important regulator of pHi homeostasis and metabolic rate and the suspended animation induced by 
SO2 caused a decrease in metabolic rate as shown by a decrease in intracellular pH (pHi), quantified 
using the pHi nanoparticles described in Chapter 3. 
Introduction 
Gasotransmitters were once thought of only as metabolic toxins with potency similar to that of 
cyanide. Now they are recognized as important biological messengers (See Chapter 1). The first 
discovered sulfurous gasotransmitter was H2S. Exposure to H2S inhibits mitochondrial respiration 
via the inhibition of mitochondrial Complex IV (cytochrome C oxidase) [240, 241]. Exposure to 
H2S has also been shown to induce a reversible state of decreased metabolic rate and temperature 
and a reversible state of suspended animation in mice [37]. This reversible state of suspended 
animation in C. elegans [242]. Prolonged exposure to a slow-releasing H2S donor (GYY4137) 
results in cancer cell death [243, 244], via a defective pH regulation that triggers an uncontrolled 
intracellular acidification, causing apoptosis. Exposure to H2S targets metabolic processes and 
effects the homeostatic regulation of intracellular pH (pHi) [245].  
 
The newly discovered sulfurous gasotransmitter sulfur dioxide (SO2) has been shown to cause 
vasodilation of the rat aorta in a dose-dependent manner at physiologically relevant concentrations 
(from 1 to 2000 µM) [106]. SO2 is found in rat aortic tissues at 110.34 µM ± 35.22 [106]. Similar to 
the other gasotransmitters, SO2 has also been shown to reduce Ischemia/Reperfusion injury [246]. 
However, the mechanisms of SO2 action and its molecular targets remain unknown. To improve 
understanding of the response to SO2, the model organisms C. elegans and S. cerevisiae will be 
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used (See Introduction). Previous work with C. elegans and SO2 is limited to a demonstration that it 
induces ovoviviparity [144], which is a stress response in C. elegans [145]. 
Materials and Methods 
All C. elegans strains were maintained using standard culture methods at 20°C [149]. All assays 
were conducted with either the wild-type, Bristol isolate of C. elegans (N2), VC2010, a subculture 
of the N2 wild-type strain, ok2564, VC575, and gk277. The wild-type yeast strain, BY4743 was 
used and exposure to the SO2 donor sodium metabiuslufite and was undertaken by Jennifer Han-Ju 
Chiang (Pharmaceutical Sciences, University of British Columbia, BC, CA) as previously described 
[247].  
 
Sulfur dioxide was dispensed as pure gas from a high pressure cylinder (BOC Ltd) into a FlexFoil 
PLUS gas sample bag (Air-Met Scientific Pty Ltd), from which it was withdrawn with a gas tight 
syringe and injected into glass desiccators as previously described [2]. Alternatively, SO2 was 
generated in situ by incorporating the SO2 donor, sodium metabisulfite, into liquid NGM. Sodium 
metabisulfite has been used in this way previously to study the biological effects of SO2 [101, 248].  
Results 
In order to gain a better understanding of the effects on C. elegans of exposure to sulfur dioxide, 
wild-type N2 worms were exposed to SO2 gas for 24 hours (Figure 1). Nematodes were then 
allowed to recover in oxygen at room temperature for 1 hour, after which mortality was determined 
using WormScan (As seen in Chapter 2). The response to sulfur dioxide is similar to that of 
hydrogen sulfide, which has been likened to ‘hitting a wall’ [249]. For example, a 24 hour exposure 
to SO2 below 800 ppm has little effect on mortality, whereas no nematodes survive exposure to 
concentrations above 900 ppm. Furthermore, the toxicity of SO2 is more dependent on 
concentration rather than time of exposure (Figure 2), as the time-dependent response to 900 ppm is 
nearly identical to the response to 1600 ppm. It is as if a detoxification system becomes 
overwhelmed at concentrations above 800 ppm. 
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Figure 1: 24 hour exposure of SO2. Wild-type N2 worms were exposed to SO2 gas for 24 hours. 
The worms were then allowed to recover in oxygen at room temperature for 1 hour and then 
mortality was determined using WormScan. Error bars represent the standard deviation of the mean.  
 
 
 
 
Figure 2: 900 and 1600 ppm of SO. Wild-type N2 worms were exposed to SO2 gas for time 
periods ranging from 10 to 70 minutes. The worms were then allowed to recover in normal air at 
room temperature for 1 hour after which mortality was determined using WormScan. 
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When C. elegans are exposed to hydrogen sulfide the hypoxia-inducible factor 1 (HIF-1) is required 
for survival [40]. The HIF-1 transcription factor mediates adaptive responses to reduced oxygen 
availability, including regulation of the expression of hundreds of genes, resulting in restructuring 
of mitochondrial metabolism. Sulfur dioxide has a similar interaction with HIF-1, as demonstrated 
by exposure to the SO2 donor. In this experiment, F38A6.3(ok2564), a hif-1 null mutant greatly 
enhanced SO2 toxicity relative to the response of the wild-type (N2) control strain (Figure 3). The 
effect of HIF-1 overabundance was tested using a balanced heterozygote (VC575) carrying the egl-
9(gk277) deletion allele. HIF-1 overabundance occurs in a strain that is heterozygous null for egl-9 
due to haploinsufficiency, as the EGL-9 protein promotes the degradation of HIF-1. The egl-9 
mutant displayed improved survival compared to wild-type. The same effect was seen whether the 
exposure was to 2mM sodium metabisulfite for 48 hours or 30 mM sodium metabisulfite overnight. 
 
a)                    b) 
 
Figure 3: Sulfur Dioxide Exposure and HIF-1. C. elegans were exposed to the SO2 donor 
(Sodium metabisulfite) in standard liquid nematode growth medium for (a) 48 hours or (b) 18 
hours. The wild-type strain was VC2010. The Hif-1 (null) strain RB1950, contains a deletion allele 
F38A6.3(ok2564)) of the hif-1 gene. Hif-1 (up-regulated) worms have a null mutation in egl-9 that 
results in an overabundance of HIF-1 protein. Each experiment was replicated 3 times, n=300. Error 
bars represent the standard deviation of the mean. 
 
Exposure to hydrogen sulfide at the non-lethal concentration of 150 ppm causes a reversible state of 
suspended animation in C. elegans [242]. In order to test for reversible suspended animation in 
nematodes in response to a non-lethal exposure to sulfur dioxide a DSLR camera with a macro lens 
was used to take images in quick succession, which allowed for a more detailed analysis of 
behavior than is possible using WormScan (Appendix 5). To achieve this an image was captured 
every 2 seconds and the rate of movement of individual worms was determined and the average 
movement at each time point was calculated. This technique also avoided the confounding effect of 
induced negative phototaxis that occurs in response to the light stimulus during scanning. At a 
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concentration of 200 ppm SO2, movement in wild-type C. elegans is strongly and immediately 
suppressed. This state persisted throughout the 4 hours of exposure, but was reversed extremely 
rapidly once SO2 was removed. An exposure to SO2 at 200ppm for 24 hours only resulted in 
approximately 9% mortality, but for this short 4 hour time period there was none. Once the SO2 
exposure was terminated, the nematodes entered a state of greatly increased movement. This rapid 
increase in movement is similar to the rapid increase in movement triggered by re-oxygenation after 
anoxia [250]. This rapid increase in movement indicates that exposure to SO2 initiated a reversible 
state of suspended animation as it closely mimics the response to H2S [242] (Figure 4).  
 
 
 
Figure 4: Reversible suspended animation. Wild type N2 C. elegans exposed to SO2 at 200ppm 
displayed reversible suspended animation. After exposure for 230 minutes, the SO2 was removed 
and movement resumed within 20 minutes. The dotted line is a representation of mean worm 
movement. Worm behavior was monitored via a DSLR camera equipped with a macro lens 
(Appendix 5). The experiment was replicated three times, n = 85. Error bars represent the standard 
deviation of the mean. 
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One of the characteristic features of suspended animation is a decrease metabolic rate. In order to 
survive SO2 exposure the HIF-1 transcription factor is required. HIF-1 also regulates the metabolic 
rate, failure of this regulation can lead to lactic acidosis [251]. Interestingly, HIF-1 also induces 
expression of carbonic anhydrase genes, which are responsible for maintaining intracellular pH 
(pHi) homeostasis [196]. This dual role of HIF-1 facilitates metabolic regulation, while protecting 
cells from extreme pH fluctuation. This relationship between metabolic rate and pHi was measured 
previously in C. elegans using the PHluorine strain [205]. Thus, the response to SO2 involves a 
complex relationship between the induced state of reversible suspended animation, the protective 
effect of HIF-1 and the relationship between pH and the rate of metabolic rate.  
 
To explore this interaction of intracellular pH and metabolic rate, the fluorescent core-silica 
nanoparticles developed in chapter 3 were used to quantify SO2 induced pHi changes [3]. In just 2.5 
hours of exposure to 200 ppm SO2, a drop of 0.15 pH units was observed. Thus, the behavioral and 
physiological assays are consistent with a state of reversible suspended animation being caused by 
SO2 exposure, which likely results in a decrease in both metabolic rate and pHi. The degree to 
which HIF-1 modulates the proposed drop in pH remains to be determined (Figure 5). 
 
  
Figure 5: SO2 and pHi. Wild-type N2 C. elegans are exposed to 200 ppm of SO2 for 2.5 hours. 
This concentration and time point is not toxic but is found to put the worms in a reversible 
suspended animation (see above). The measurements of pHi when exposed to SO2 are as Chapter 3 
(n = 20, error bars represent standard errors of the mean).   
 
As described in chapter 1, S. cerevisiae like C. elegans also contains the metabolic pathways 
involved in SO2. Exposure of 2 mM of the SO2 donor to wild-type S. cerevisiae was found to 
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induce an IC15 (Inhibitory concentration 15%). S. cerevisiae provides the potential for extreme 
high-throughput genetic screening, compared to C. elegans (Expanded on in Chapter 5).   
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Discussion: 
The mechanisms of action and the molecular targets of SO2 remain unknown. To improve our 
understanding of the biological effects of SO2, identification of SO2 response mutants is a logical 
next step. A limitation with undertaking genetic screening in S. cerevisiae is that only 12% of 
compounds from chemically diverse compound libraries although 30% of approved drugs will 
inhibit growth [247, 252]. Suitable dosages were found and discussed in this chapter, making 
genetic screens in S. cerevisiae and C. elegans possible.  
 
Previously it has been shown that C. elegans exposed to H2S required HIF-1 for survival, here this 
was also found for SO2 exposure. Similar to H2S, exposures of a non-lethal concentration of SO2 
induced a reversible state of suspended animation. A characteristic feature of suspended animation 
is a decreased metabolic rate. The HIF-1 transcription factor also regulates metabolic rate and is 
responsible maintaining intracellular intracellular pH homeostasis. The fluorescent core-silica 
nanoparticles developed in chapter 3 were used to quantify the pHi changes resulting from SO2 
induced reversible suspend animation and found to cause a decrease in 0.15 pH units. 
 
SO2 has also been shown to reduce Ischemia/Reperfusion injury, which has also been identified 
with H2S. Also similar to H2S exposure, SO2 was found to target the metabolic processes and effect 
intracellular pH. Further investigation into SO2 mediated suspended animation is important as it can 
potentially help trauma victims or heart attack victims survive Ischemia/Reperfusion injury long 
enough to be treated. 
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Chapter 5: SO2 Genotyping in C. elegans and S. cerevisiae 
Abstract 
A forward genetic screen was undertaken in C. elegans using EMS mutagenesis that generated five 
sulfur dioxide (SO2) resistant strains. One of the strains was mapped and sequenced to an average 
depth of coverage of 19x. A genetic screen using the MMP library confirmed that a mutation in the 
gene F08F8.9 caused resistance towards SO2 exposure. F08F8.9 has been shown to have direct 
interaction with the survival motor neuron gene (SMN-1). The gene ZK1127.10, which is involved 
in H2S and SO2 metabolism, described in Chapter 1, is also found to be a SMN-1 interacting 
gene.  A complementary high-throughput chemical genomic screen was undertaken in S. cerevisiae, 
using the yeast deletion collection (YDC). The YDC provides a genome wide view of the cellular 
response to SO2. Screening of the YDC identified genes required to buffer the targeted pathways of 
SO2 and identified RPO21 as one of the main protein targets of SO2. RPO21 is a RNA Polymerase 
II subunit and is the homolog of the C. elegans gene F08F8.9. The forward genetic screen in C. 
elegans and the reverse genetic screen in S. cerevisiae both identified RNA Polymerase II subunit 
to be critical to SO2 exposure. 
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Introduction 
Despite the biomedical importance of gasotransmitters, almost no genetic analysis of the action of 
these compounds has been carried out, except in the model organism, C. elegans. Genetic analysis 
of the gasotransmitter SO2 has not been carried out in any animal. In order to improve our 
understanding of the molecular mechanisms of SO2, a forward genetic screen in C. elegans was 
undertaken. One of the most challenging aspects with undertaking a genetic screen is to identify 
mutations of interest. A selection screen is one of the simplest forward genetic screens to undertake, 
as it facilitates the identification of the desired mutants by eliminating a large background of 
individuals with irrelevant genotypes [253]. Forward genetic screens in C. elegans have previously 
been used to improve the understanding of gasotransmitters. Sydney Brenner undertook a selection 
screen in C. elegans in 1974 to improve understanding of Acetylcholine, which as stated in Chapter 
1 stimulates production of the gasotransmitter NO [149]. A forward genetic screen was also 
undertaken by the Roth laboratory, which identified C. elegans mutants hypersensitive to the 
gasotransmitter H2S [242].  
 
The forward genetic screen for SO2 resistance isolated 5 resistant strains. Only one of the resistant 
strains (sdre-5) was selected for future work. A high-throughput mapping of the SO2 resistant strain 
was undertaken using molecular inversion probe mapping (Mip-Map), currently unpublished 
technique in C. elegans. A Mip-Map assay allows for large-scale single nucleotide polymorphism 
(SNP) analysis to be undertaken [254]. Molecular inversion probe (MIP) capture is a relatively 
quick and easy method involving annealing, gap-fill and ligation, followed by exonuclease 
treatment and PCR amplification all in a single tube [255]. A MIP assay can be used for direct as 
well as indirect mapping of mutant alleles, a direct mapping technique was undertaken for sdre-5 
and resistance was mapped to a region on Chromosome III. 
 
The SO2 resistant strain was sequenced and 6 single nuclide variants (SNVs) were found in the 
Mip-Map region of interest on Chromosome III. To confirm which of the SNVs caused SO2 
resistance a complementary genetic screen using the C. elegans million-mutation project (MMP) 
library was undertaken. The million-mutation library (MMP) is a collection library of 2,007 
mutagenized strains, sequenced to an average coverage depth of 15x [256]. The MMP library was 
produced by the Moerman and Waterston laboratories and includes 826,810 unique single 
nucleotide variants (20,115 genes) of which 7,934 are nonsense mutations (5,785 genes). The 
collection also contains 4,461 insertions (1,782 genes) and 10,420 deletions (4,374 genes) ranging 
in size from 1 base pair to >100K base pairs. On average, the library has approximately 400 SNVs 
per strain, and ~8 non-synonymous single nucleotide variants per gene.  Previously, the best 
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characterized non-viral organism for undertaking reverse chemical-genetic approaches to identify 
mechanism of action is S. cerevisiae [252]. The MMP library has previously been used to confirm 
resistance PH3 (Manuscript in production). Screening of the MMP library was used to corroborate 
the SO2 resistance gene. 
 
Simultaneously a complementary chemical genomic screen was undertaken in S. cerevisiae using 
the yeast deletion collection (YDC). S. cerevisiae is the leading model organism for this screening 
method [252]. Each yeast strain from YDC is tagged with two unique 20 base pair sequences that 
act as strain identifiers, allowing for the chemical screening against the entire YDC to be 
undertaken as a co-culture [257]. The YDC contains the haploinsufficiency profiling (HIP) library 
and homozygous profiling (HOP) library (and comprise >21,000 mutant strains) [258]. The HIP 
library consists of ~6,000 heterozygous deletion strains and most of these strains (97%) grow at the 
rate of wild-type when assayed in parallel [259]. When exposed to a SO2, sensitive strains are 
observed to have a decreased growth rate compared to the wild type [260]. Screening of a SO2 in 
the HIP library is the only technique that can produce a genome-wide view of compound 
specificity, and identifies candidate protein targets [261]. The HOP library consists of yeast strains 
in which both copies of nonessential genes are completely eliminated (complete loss of function 
alleles). Screening of a compound in the HOP library identifies nonessential genes required for 
growth and often identifies functions that are critical in the targeted pathway [262]. A HIPHOP 
profile provides a genome-wide view of the cellular response to a specific compound [263]. A 
limitation of screening compounds against the YDC is that the compound is required to be bioactive 
in yeast. It has previously been shown that 12% of compounds from compound libraries will inhibit 
yeast growth [252]. In chapter 4 it was found that SO2 inhibit growth and therefore this chemical 
genomics screen was undertaken. 
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Materials and Methods 
All C. elegans strains were maintained using standard culture methods [149]. Ethyl 
methanesulfonate (EMS) mutagenesis was carried out on C. elegans strain VC2010, a subculture of 
the N2 wild-type strain, to generate mutants resistant to SO2 [264]. Exposure to SO2 was achieved 
using a SO2 donor, sodium metabisulfite. When sodium metabisulfite reacts with water it leads to 
the generation of SO2 and SO2 derivatives (bisulfite and sulfite) [100]. The strategy of using a 
gasotransmitter donor compound to study the biological effects of gasotransmitters is a common 
strategy and one that has previously be used to study the biological effects of SO2 [101, 248].  
 
The SO2 resistant strain, sdre-5, was out-crossed once with VC20019 (DM7448 with 
extrachromosomal YFP). Selecting only the F1 hermaphrodite progeny that exhibited the YFP 
marker. F2 progeny were then exposed to sodium metabisulfite at 60 mM for 2 hours, the same 
concentration and time used to isolate SO2 resistant EMS mutants. Genomic DNA from the SO2 
resistant strain (~40 survivors) was extracted as described [265]. Mip-Map of sdre-5 was 
undertaken in collaboration with Calvin Mok (Department of Genome Sciences, University of 
Washington, Seattle, WA, USA). Libraries prepared for sequenced using a modified Illumina 
protocol as described [256]. Libraries were sequenced with Illumina MiSeq technology, to an 
average depth of coverage of 19x. The S. cerevisiae HIPHOP screen, undertaken in using the YDC 
was undertaken by Jennifer Han-Ju Chiang (Pharmaceutical Sciences, University of British 
Columbia, BC, CA) as described [263].  
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Results 
 
Forward genetic screen C. elegans 
The hermaphroditic progeny of the EMS mutated animals were allowed to self fertilize to produce 
an F2 generation, such that individuals homozygous for recessive resistance alleles would express 
the trait. The F2 progeny of the mutated C. elegans were exposed to 60 mM sodium metabisulfite 
for 2 hours, which generates a LC100 dose of SO2 (Figure 1). This procedure was carried out in 
liquid NGM. Post exposure, worms were washed in M9 buffer and placed on one side of an NGM 
agar recovery plate. Five survivors were identified by their ability to migrate toward an E. coli lawn 
on the opposite side of the plate (Figure 2). The mutagenized strains were then re-selected three 
times at 60 mM sodium metabisulfite the LC100 for wild-type nematodes. After each selection, the 
strain was re-initiated from a single surviving L4 hermaphrodite. One of the five strains (sdre-5), 
was selected for all future work as it was resistant toward SO2, (Figure 3), but exhibited normal 
lifespan, fecundity and behavior (data not shown).   
 
 
Figure 1. SO2 EMS screening dosage. Wild-type (VC2010) nematodes were exposed to 30 mM or 
60 mM of SO2 donor (sodium metabisulfite) for 90 and 120 min. Three biological reps (n = 300) 
and error bars represent standard deviation.  
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Figure 2. Selection screen for SO2 resistance. Post exposure to a wild-type LC100 exposure of 
SO2, F2 progeny of the mutagenized C. elegans migrated towards an E. coli lawn on a 100 mm 
NGM plate.  
 
 
 
Figure 3. SO2 resistance in EMS strains. Mortality percentage of the EMS strains to a wild-type 
LC100 exposure of SO2, for three biological replications (n = 300).  
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Mapping of SO2 resistance 
Each MIP probe consists of a 28 base pair common backbone, a unique random 12 base pair 
random MIP barcode and a set of complementary annealing arms to target the MIP to a specific 
genomic region of VC20019 (DM7448 with extrachromosomal YFP). In total, there are probes 
corresponding to 90 strain-specific single nucleotide variants (SNVs) located at ~1Mbp intervals 
across the genome (Figure 4). This annealing reaction results in the capture of unique segments of 
genomic sequence. Using a combination of polymerase and ligase, the genomic region is 
synthesized and the MIP is circularized (gap-filling), which create a closed circular probe, or 
padlock probe first described in 1994 [266]. The closed circular probe is resistant to exonucleases, 
whereas the genomic template and linear probes are then digested by exonucleases. The circularized 
MIP probes are amplified via universal PCR primers and processed using massively parallel 
sequencing. The MIP molecular barcodes are used to identify specific binding events.  
 
Figure 4. MIP-Map sites. Across the 6 chromosomes of the C. elegans strain VC20019 there are 
90 strain-specific single nucleotide variants that are mapped to approximately 1Mbp intervals 
(figure provided by Calvin Mok). 
 
The SO2 resistant strain, sdre-5, was out-crossed once with VC20019 (DM7448 with 
extrachromosomal YFP) and a direct mapping strategy displays a representation of the 90 MIPs 
sites showing the concentration of VC20019 versus sdre-5. At regions in chromosome III displayed 
the greatest skew in frequency with 80% sdre-5 alleles and 20% VC20019 (Figure 5). The fact that 
the skew was not 100% toward the sdre-5 allele simply indicates that the MIP marker is not 
coincident with the mutation. The middle region of Chromosome III is the site of the gene causing 
resistance to SO2 exposure. Ideally, direct mapping of SO2 resistance would have resulted in a 0% 
of the MIP site of VC20019, which would indicate without uncertainty the site of sulfur dioxide 
resistance. In order to identify the actual SO2 resistance mutation, additional investigations was 
undertaken.  
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Figure 5. Direct Mip-Map of sdre-5.  
Direct mapping strategy of SO2 resistance in sdre-5. The 90 MIP sites across the 6 chromosomes in 
C. elegans are displayed in tandem. The greatest skew of MIPs from VC20019 is observed in 
chromosome III, with a peak of 80% from sdre-5 and 20% from VC20019. Mip-Map indicating the 
most likely site of SO2 resistance in sdre-5 is caused in this region (figure provided by Calvin 
Mok).  
 
Sequencing of sdre-5 
The strain sdre-5 was out crossed once with VC2010 and re-selected for SO2 resistance as described 
above (Figure 2) and sequenced to an average coverage depth of 19x, revealing 6 point mutations in 
the Mip-Map region of interest on Chromosome III (Table 1). There were 5 single nucleotide 
variants (SNVs) that cause missense mutations and one that induced a nonsense mutation. 
 
Table 1. Chromosome III SNVs of interest 
1. III 2451009 G A E02H9.8 nhr-121 H Y  
2. III 3794137 G C T24A11.1 mtm-3 H D 
3. III 4705883 G A T04A8.12 tag-189 R K 
4. III 7352088 C T F08F8.9 F08F8.9 W * 
5. III 7840439 G A ZK652.5 ceh-23 G R 
6. III 9941053 G A K03H1.9 K03H1.9 P S 
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Genetic screen using MMP library 
In the MMP library there are SNVs for each of the six genes of interest, with a total of 213 total 
SNVs (Table 2). The SNV for tag-189 was removed from the initial screen because the mutations 
not within the protein domain. Of these 213 total SNVs, 57 are non-silent mutations in protein 
coding sequences. To further filter the amount of strains to be screened, only SNVs that caused a 
moderately radical or radical amino acid substitution according to the Grantham score were selected 
[267]. The initial genetic screen was confined to 10 strains for resistance phenotype testing (Table 
2).  
 
Table 2. Initial MMP screen for SO2 resistance 
Gene Initial SNVs screened 
nhr-121  
(55 total SNVs in MMP) 
VC20240: nonsense  
VC20301: C25Y (G: 194)  
VC40889: M389K (G: 95) 
mtm-3 
(109 total SNVs in MMP) 
VC20531: S877L (G: 145) 
C40968: Y389N (G: 143) 
tag-189 
(1 total SNV in MMP) 
VC40794: S246L (G: 145) 
 
F08F8.9 
(26 total SNVs in MMP) 
VC30113: D250V (G: 152) 
VC40332: Y405D (G: 160) 
ceh-23  
(13 total SNVs in MMP) 
VC20316: S135F (G: 155) 
K03H1.9 
(3 total SNVs in MMP) 
VC40676 : nonsense 
VC30000: M67K (G: 95) 
 
These strains were analyzed using a modification to the WormScan technique described in Chapter 
2, to increase throughput [2]. The modification was to undertake mortality testing in standard liquid 
NGM in 96-well plates. Using WormScan to screen 96-well plates has been undertaken previously 
for the high-throughput drug screen for new anthelmintics (Appendix 3). However, before this high-
throughput screen could be conducted in the MMP library, firstly it needed to quantify the 
difference in SO2 exposure between wild-type (VC2010) and the sdre-5. In this screen two C. 
elegans are placed into a single well of a 96-well plate that contains 40 µl of standard liquid NGM 
and then exposed to the SO2 donor over night, sequential scans are undertaken ever two hours. sdre-
5 was found to survive exposure to of 45 mM and 50 mM of SO2 at 4 hours, compared to wild-type 
which did not survive exposure (Figure 6). At six hours of exposure of SO2 sdre-5 was found to 
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survive exposure of SO2 at a concentration of 45 mM. Therefore, it was possible to screen the MMP 
library for SO2 resistance by using WormScan and liquid NGM in 96-well plates.  
 
Figure 6: 45 and 50 mM of SO2 Exposure in 96 wells. The graph generated as above, VC2010 
contains 3 biological reps, N= 72. The sdre-5 is generated from 2 biological reps, N= 48. Error bars 
denote standard error of means. The SO2 resistant strain, sdre-5 was found to survive higher 
exposures of SO2 and for longer durations compared to wild type.  
 
To investigate F08F8.9 further, other SNVs from the MMP library for F08F8.9 were investigated. 
In the MMP library, there are 11 SNVs for F08F8.9. As above, to reduce the total number of MMP 
worms retested in F08F8.9, SNVs that have a moderately radical, to radical Grantham score were 
selected. Reducing the number of screen strains to 7. The strains screened are as follows; VC20383, 
VC20436, VC20733, VC30113, VC40332, VC40422 and VC40761 (data not shown).   
 
Of these 7 SNVs of F08F8.9 screened for SO2 resistance, only VC30113 and VC40332 displayed 
resistance (Figure 7). A weak resistance to SO2 exposure is found in VC30113 compared to sdre-5. 
At 4 hours exposure of SO2 at a concentration of 45 mM, VC30113 is shown to survive better than 
compared to wild-type, which has a significantly increased mortality. A much stronger resistance is 
observed in VC40332.  At 6 hours of exposure VC40332 is the only strain found to survive 50 mM 
of SO2 exposure. Additionally, at 15 mM of the SO2, VC40332 is able to survive for a much longer 
time when compared to all other strains tested.  
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A) 
  
B) 
 
Figure 7. Exposure of F08F8.9 MMP strains to SO2. The graph generated from 2 biological reps, 
n = 48 for MMP strains and 3 biological reps 3 biological reps, N= 72 for wild-type. Error bars 
represent standard error of mean. A) Exposures of SO2 for 2 and 4 hours, VC40332 and VC30113 
have a similar mortality to sdre-5. At 6 hours of exposure VC40332 is found be more resistant to 
higher exposure of SO2 compared sdre-5.  B) At 18 hours of exposure SO2, VC40332 is also more 
resistant when compared to sdre-5. 
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SO2 resistance: F08F8.9 
There are three isoforms of F08F8.9 (A/B/C) and they are a homologue of a gene that encodes a 
subunit of RNA polymerase II, found in H. sapiens and S. cerevisiae (Figure 8). Transcription of 
the genetic information in all cells is carried out by three multi-subunit RNA polymerases (RNAPs). 
RNAPs are conserved in all Eukaryotes [268, 269]. RNA Polymerase II produces almost all nuclear 
mRNA, most snRNA and microRNA.  
 
F08F8.9 has also been shown to have direct interaction with the survival motor neuron (SMN) gene 
[270], to participate in assembly of the splicing apparatus (spliceosome) and in pre-mRNA splicing, 
and to contribute to transcriptional regulation [271]. The protein ZK1127.10 as described in Chapter 
1 (which is involved in H2S and SO2 metabolism) is also found to be a SMN-1 interacting protein, 
identified by a yeast two-hybrid screen [271].  It is likely that both F08F8.9 and ZK1127.10 are 
involved in metabolic pathway of SO2 and certain mutations in F08F8.9 cause resistance to SO2 
exposure, potentially by an increase of the catabolic rate.  
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Figure 8. Phylogenetic tree F08F8.9. 
See Figure 2 (Chapter 1) for details on phylogenetic analysis.  
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S. cerevisiae: Chemical genomic screen  
SO2 screening of the homologous deletion library identified the nonessential genes required to 
buffer the pathway targeted by SO2 as seen in a greatly decreased growth rate  (Figure 9) [263]. Of 
the 13 nonessential genes identified, two are involved in RNA polymerase II (Table 3). This is 
consistent with the discovery that an RNA polymerase II subunit mutation (sdre-5) caused SO2 
resistance in C. elegans. Furthermore, genes involved in the metabolism and catabolism of 
sulfurous gasses also displayed reduced growth rate. For instance, SER3, which is involved in 
serene biosynthesis and sulfurous gas metabolism, COX9, a cytochrome c oxidase subunit that is 
involved in H2S toxicity and GTT3, a participant in glutathione metabolism that is also involved in 
H2S metabolism (as described in Chapter 1).  
 
When the heterozygous deletion library was exposed to SO2 four strains with a log2 decrease in 
growth rate of less that -4.6 were identified (Figure 10 & Table 4). One of these four genes, RPO21, 
is the S. Cerevisiae homologue of C. elegans gene F08F8.9 (Figure 8). It is very interesting to note 
that the gene F08F8.9 identified in the forward genetic screen and confirmed in the MMP library in 
C. elegans, was also a major protein candidate target for SO2 identified in the S. cerevisiae chemical 
genomic screen and therefore RNA polymerase II subunit is protein target of SO2.  
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Figure 9. Homozygous profiling of SO2. The YDC is grown competitively in the presence of SO2. 
Screening of the HOP, identified nonessential genes that are directly and indirectly related to SO2 
exposure. Strains most sensitive to SO2 are depleted from the pool over time represented in red, are 
genes required for growth, buffer the target pathway or involved in catabolism. Strains that have a 
greatly increased growth rate are represented in green.  
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Table 3. Homozygous profiling SO2 
Z-Score 
(log2ratio) 
Gene Function 
-5.65   
 
ALG5 UDP-glucose:dolichyl-phosphate glucosyltransferase; involved 
in asparagine-linked glycosylation in the endoplasmic reticulum 
-5.36 TOK1 Outward-rectifier potassium channel of the plasma membrane 
 
-5.19 UFD4 Ubiquitin-protein ligase (E3); interacts with Rpt4p and Rpt6p, 
two subunits of the 19S particle of the 26S proteasome; 
cytoplasmic E3 involved in the degradation of ubiquitin fusion 
proteins; relative distribution to the nucleus increases upon 
DNA replication stress 
-4.91 RGI1 Protein of unknown function; involved in energy metabolism 
under respiratory conditions; protein abundance is increased 
upon intracellular iron depletion or in response to DNA 
replication stress 
-4.9 SER3 3-phosphoglycerate dehydrogenase; catalyzes the first step in 
serine and glycine biosynthesis 
-4.59 RPL2
0A 
Ribosomal 60S subunit protein L20A; homologous to 
mammalian ribosomal protein L18A 
-4.58 CIS1 Autophagy-specific protein required for autophagosome 
formation\ 
-4.46 GAL2 Galactose permease; required for utilization of galactose; also 
able to transport glucose 
-4.38 NRG1 regulation of transcription from RNA polymerase II promoter 
-4.37 RCS1 positive regulation of transcription from RNA polymerase II 
promoter* 
-4.24 DPH2 Protein required for synthesis of diphthamide 
-4.18  COX9 Subunit VIIa of cytochrome c oxidase  
-4.1 GTT3 Protein of unknown function may be involved in glutathione 
metabolism. 
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Figure 10. Haploinsufficiency profiling of SO2. The YDC is grown competitively and identified 
candidate protein targets for essential genes resulting from SO2 exposure, as shown by a decrease in 
growth rate (represented in red). There are five candidate protein targets for SO2. Proteins targets 
with an increased growth rate are represented in green. 
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Table 4. Haploinsufficiency profiling of SO2 
Z-Score 
(log2ratio) 
Gene Function 
-6.07 YLR225
C 
Molecular function unknown 
-5.1 MAL11 High-affinity maltose transporter (alpha-glucoside 
transporter) 
-4.63 YDR115
W 
Putative mitochondrial ribosomal protein of the large 
subunit; similar to E. coli L34 ribosomal protein; 
required for respiratory growth, as are most 
mitochondrial ribosomal proteins 
-4.61 RPO21 RNA polymerase II largest subunit B220; part of central 
core; phosphorylation of C-terminal heptapeptide repeat 
domain regulates association with transcription and 
splicing factors; similar to bacterial beta-prime 
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Discussion: 
 
Previously, the mechanisms of action and molecular targets for the gasotransmitter SO2 were 
unknown. Previously, forward genetic screens in C. elegans have improved the understanding of 
gasotransmitters (NO and H2S). To improve the understanding of SO2 genetic screens were 
undertaken in C. elegans or S. cerevisiae.  
 
A forward genetic screen was undertaken in C. elegans to generate an SO2 resistance mutation. 
High-throughput mapping of the SO2 resistance strain was undertaken using Mip-Map and 
resistance to SO2 was mapped to a region on chromosome III. Six candidate genes were identified 
by whole genome sequencing of the SO2. Using the MMP library, SNVs of the candidate genes 
were tested for resistance, leading to confirmation of the gene F08F8.9 causing resistance to SO2 
exposure.  
 
The gene F08F8.9 has been shown to have interactions with the survival motor neuron (SMN) gene. 
The gene ZK1127.10, is involved in H2S and SO2 metabolism (described in Chapter 1), also 
interacts with the SMN gene. Both F08F8.9 and ZK1127.10 are likely involved in the metabolic 
pathway of SO2 and mutations in F08F8.9 cause resistance to SO2 exposure.  
 
F08F8.9 is homologous to a gene in H. sapiens and S. cerevisiae that encodes a subunit of RNA 
polymerase II. A chemical genomic screen was undertaken in S. cerevisiae using the YDC, which 
provided a genome-wide view of the cellular response to SO2 and RPO21 was identified as a major 
protein candidate target for SO2. RPO21 gene identified is the subunit of RNA polymerase II. This 
further validated that the same RNA polymerase II subunit was critical to survive exposure to SO2. 
 
Therefore, F08F8.9 identified in the forward genetic screen and confirmed in MMP library in C. 
elegans, was also identified in the chemical genomic screen undertaken in S. cerevisiae. This 
supports a role for the RNA polymerase II subunit in SO2 and enhances our understanding of the 
molecular mechanisms of this gasotransmitter. Improving the understanding of the most recently 
discovered gasotransmitter is an important area of study as it may have an essential role in 
molecular physiology. 
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Chapter 6: Conclusion 
Initially, SO2 like the other gasotransmitters was once thought to be a toxic air pollutant and 
byproduct from the metabolism of sulfur containing amino acids. In 2007 SO2 was classified as a 
gasotransmitters when it was discovered to induce vasodilation. As a result of only being recently 
classified a gasotransmitter, there is a significant gap in the literature compared to the other 
established gasotransmitters with several decades of research. The mechanism of action and 
molecular targets of SO2 have not been investigated. However the understanding of the two 
gasotransmitters, NO and H2S have previously studied by undertaking forward genetic screens in C. 
elegans. 
 
Before any genetic screens were undertaken the extent of the metabolic pathway of SO2 was 
investigated. In chapter 1, the known H. sapiens proteins involved in SO2 metabolism were used to 
query GenBank for homologous proteins and it was found that both of the primary eukaryotic 
genetic model organisms, C. elegans and S. cerevisiae contained these genes. Additionally, SO2 was 
shown to be bioactive in both model organisms and displayed easily observable phenotypic 
responses, which insured that genetic screens could be undertaken to improve our understanding.  
 
S. cerevisiae have arguably the best characterized genome of any nonviral organism and a high-
throughput chemical genomic screens using the yeast deletion collection (YDC) provided a 
genome-wide view of the cellular response to SO2. C. elegans are also ideal for genetic 
investigation of SO2, because of rapid reproduction time, and the self-fertilization of 
hermaphrodites, which allows homozygous mutants to be generated easily in a forward genetic 
screen. To improve the accuracy of analysis in C. elegans, two high-throughput methods were 
developed. The first method developed was WormScan, which automates whole organism 
phenotyping. The second method developed was pHi nanoparticles, enabling characterization of the 
intracellular pH and quantified a decrease in metabolism caused from SO2. 
 
WormScan is an affordable high-throughput method based on a consumer grade flatbed scanner that 
facilitates quantification of the four main toxicological endpoints of C. elegans, and reduction in 
user bias associated with manual counting. WormScan produces a sufficient light intensity to induce 
a negative phototaxis, which was confirmed by using a null mutant for the light receptor. The 
negative phototaxis induced by the scanner was equivalent to aversion to a physical stimulus, which 
was previously used to undertake mortality testing. The affordable high-throughput nature of 
WormScan will open new opportunities for future whole animal drug screening.  
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Previously, in order to measure intracellular pH within C. elegans required a time consuming 
technique based on a modified biosensor pHluorin. Calibration of pHluorin is also required for each 
newly transformed strain. The pHi nanoparticles are easily calibrated external to the C. elegans and 
are taken up during feeding. They are also found to bypass the selective intestinal uptake and 
translocate to primary organs, such as epithelial cells of the intestine, and also translocate to the 
secondary organs of the reproductive tract.  
 
 The pHi nanoparticles are core-shell silica nanoparticles, which provides both chemical and 
mechanical stability. The synthesis of these core-shell silica nanoparticles is based on the well 
established Stöber synthesis with slight modification to allow the covalent encapsulation of the 
reference fluorophore TRITC and pH fluorophore FITC. This was the first diagnostic use of 
nanoparticles in C. elegans and allowed for the characterization of pHi. When C. elegans were 
exposed to a non-lethal concentration of SO2, it induced a reversible state of suspended animation. 
The nanoparticles were used to observe an associated drop in pHi, which is characteristic of a 
decrease in aerobic metabolism.  
 
Disruptions in pH are also observed in many human disease states, including cancer, Alzheimer’s 
disease, cellular dysfunction, and mitochondrial dysfunction. While the nanoparticles can be used in 
any species, whole animal studies are particularly suited to C. elegans as they are transparent. Using 
these pHi nanoparticles, future studies requiring longer-term experimentation spanning the life 
cycle of C. elegans and rapid imaging of live worms for exploring metabolic alterations are now 
possible. The ability to achieve precise quantification of pHi at scales ranging from individual 
organelles to collections of cells within an organism will greatly improve understanding of 
biological processes. This technique can be adapted for the study of other metabolic endpoints by 
utilizing specific fluorescent molecules that react with oxygen, metals, ROS, other metabolic 
disease states or a combination thereof. 
 
A forward genetic screen was undertaken in C. elegans, which generated SO2 resistant strains. 
High-throughput mapping of one the strains was done using the Mip-Map technique, which mapped 
resistance to a region of chromosome III.  Whole genome sequencing identified six candidate genes 
in the interval. The MMP library confirmed the gene causing SO2 resistance as F08F8.9, which is 
homologous to a subunit of RNA polymerase II.  
 
A chemical genomic screen undertaken in S. cerevisiae using the YDC identified RPO21 as a major 
protein target for SO2. RPO21 encodes the RNA polymerase II subunit homologue of F08F8.9. It is 
 78 
significant that the gene of interest identified in the forward genetic screen and confirmed in the 
MMP library in C. elegans was also identified in the chemical genomic screen undertaken in S. 
cerevisiae and improves the understanding of the molecular mechanisms of SO2. Further study is 
required to understand how the RNA polymerase II subunit contributes to SO2 resistance. The 
similarity between the phenotypes induced by the gasotransmitters and role of hif-1 as a mediator is 
striking. C. elegans will be an ideal organism in which to explore such phenomena, particularly the 
cross talk between SO2 and the other gasotransmitters. Additional investigation into SO2 mediated 
suspended animation may be of practical importance if it leads to developments that help trauma 
victims or heart attack victims survive Ischemia/Reperfusion injury. 
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Appendices:  
 
 
 
Appendix 1. Habituation of phototaxis and lite-1. C. elegans habituation of phototaxis, is 
observed with continuous scanning with a 90-second interval for 20 intervals of wild-type N2 and 
lite-1 (Gustatory receptor, light receptor) null mutant. Temperature on the scanner surfaces was 20° 
Celsius, consisting of three pseudo-replicates of 30 worms/plate. Error bars represent standard error 
of mean.  
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Appendix 2. WormScan Poster. WormScan was presented as a poster at ‘EMBO Conference 
Series: C. elegans Neurobiology - Heidelberg, Germany, June 14, 2012’. 
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Appendix 3. High-throughput Drug Screening in C. elegans for Anthelmintic. WormScan together 
with a pinning robot and the COPAS Biosorter achieved a screening rate of 5,000 compounds per 
week. 
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Appendix 4. pHi nanoparticle 48 hours feeding. Confocal fluorescence microscopy of core-shell 
fluorescent silica nanoparticles in N2 C. elegans after 48 hours of feeding. Nanoparticles are 
detectable in the intestine (lumen and tissue), pharynx fertilized eggs and gut granules.  Overlaid 
images of FITC and TRITC, scale bar 50 µm. 
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Appendix 5. DSLR Camera setup. DSLR camera setup for observing simplistic behavior. A 
Cannon 500d was used in together with a macro lens, which allowed worms to be observed on a 
standard NGM plate inside the full size desiccator containing SO2. 
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